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SFOREWORD

The research repcrted herein was supported by the Office of

Naval Research, Power branch, Code 473, and the U. S. Army

Research Office, with Dr. R. S. Miller of ONR as Scientific

Officer. This report covers the period 1 March 1980 through

28 February 19R1. The program has been dircaoLd by Dr. I, O.

Christe. The scientific effort was carried out by Drs. K. 0.

Chrisre, C. J. Schack, .W. .ilson, and Mr. R. T). tilson.
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INTRODUCTION

This report covers the period from 1 March 1980 thorugh 28 February 1981 and

describes Rocketdyne's research efforts in the area of energetic inorganic

halogen oxidizers. As in the past years (Ref. 1), our research covered areas

ranging from the exploration of new synthetic methods and the syntheses of novel

compounds to structural studies. Although the program is directed toward basic

research, applications of the results are continuously considered. A typical

example of the usefulness of such goal-oriented basic research is the application

of NF4 + chemistry to solid propellant NF 3 -F 2 gas generators for chemical HF-DF

lasers.

Only completed pieces of research are included in this report. As in the past

(Ref. 1), completed work has been summarized in manuscript form suitable for

publication. Thus, time spent for report and manuscript writing is minimized,

and widespread dissemination of our data is made possible.

During the past 12 months, the following papers were published, submitted for

publication, or presented at meetings. In addition, several patents were filed

and issued. All of these originated from work sponsored under this program.

RI/RD81-140
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PUBLICATIONS AND PATENTS DURING PAST CONTRACT YEAR

PAPERS PUBLISHED

1. "Simplified Synthesis of NF4 +SbF6-,11 by W. W. Wilson and K. 0. Christe,

J. Fluorine Chem., 15, 83 (1980).

2. "Synthesis and Properties of NF4 +CI04- and NF4 +HF 2nHF and Some Reaction

Chemistry of NF4 +HF2"nHF Salts," by K. 0. Christe, W. W. Wilson and

R. D. Wilson, Inorg. Chem., 19 1494 (1980).

3. "Synthesis and Properties of NF4 +SO 3F-," by K. 0. Christe, R. D. Wilson
and C. J. Schack, Inorg. Chem., 19, 3046 (1980).

4. "Vibrational Spectra of 15NF 4 AsF 6 and General Valence Force Field of
NF + " by K. 0. Christe, Spectrochim Acta, 36A, 921 (1980).

5. "The Force Field of SF 4 ," by W. Sawodny, K. Birk, G. Fogarasi and

K. 0. Christe, Z. Naturforsch., 35B ,1137 (1980).

6. "Synthesis and Characterization of (NF 4 ) 2MnF 6 ," by K. 0. Christe,

W. W. Wilson and R. D. Wilson, Inorg. Chem., 19, 3254 (1980).

7. "Evidence for the Existence of Directional Repulsion Effects by Lone

Valence Electron Pairs and 7rBonds in Trigonal - Bipyramidal Molecules,"

by K. 0. Christe and H. Oberhammer, Inorg. Chem., 20, 296 (1981).

PAPERS IN PRESS

8. "On the Properties of Azidotrifluoromethane," by K. 0. Christe and C. J.

Schack, Inorg. Chem.

9. "The General Valence Force Field of Perchloryl Fluoride," by K. 0. Christe,

E. C. Curtis, W. Sawodny, H. Haerthner and G. Fogarasi, Spectrochim Acta.

RI/RD81-140
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10. "The Formation of the Halogen - Halogen Bond," by K. 0. Christe,

Inorganic Reactions and Methods.

11. "Determination of Nitrogen Trifluoride in Perfluoro Ammonium Cation

Containing Complex Fluoro Anion Salts," by R. Rushworth, C. J. Schack,

W. W. Wilson and K. 0. Christe, Anal. Chem.

12. "On the Syntheses and Properties of FOIF 40, CIOIF 4 0, HOIF 4 0 and Tetra-

fluoroperiodates," by K. 0. Christe, R. D. Wilson and C. J. Schack,

Inorg. Chem.

13. "Synthesis and Properties of NF 4+UF50,0 by W. W. Wilson, R. D. Wilson, and

K. 0. Christe, J. Inorg. Nucl. Chem.

14. "EPR Evidence of Molecular and Electronic Structure of Nitrogen Trifluoride

Radical Cation," by A. M. Maurice, R. L. Belford, K. 0. Christe and

I. B. Goldberg, Inorg. Chem.

15. "Gas Phase Structure of Chlorine Trifluoride Oxide, CIF 30' by H. Oherhammer

and K. 0. Christe, Inorg. Chem.

PAPERS PRESENTED AT MEETINGS

16. "Recent Results in Nitrogen Fluoride Chemistry," by K. 0. Christe, C. J.

Schack, W. W. Wilson and R. D. Wilson, 7th European Symposium on Fluorine

Chemistry, Venice, Italy (Sept. 1980).

17. "Synthesis and Properties of NF4 UF 5 0," by W. W. Wilson, R. D. Wilson and

K. 0. Christe, Second Chemical Congress of the North American Continent,

Las Vegas, Nev., (Aug. 1980).

18. "On the Syntheses and Properties of FOIF 40, COIF 40, HOIF 40 and Tetra-

iluoroperiodates," by K. 0. Christe, R. D. Wilson and C. J. Schack,

Fifth Winter Fluorine Conference, Daytona Beach, Florida (February (1981).

PATENTS ISSUED

19. "[Uigh Detonation Pressure Explosives," by K. 0. Christe, U.S. 4,207,124

(June 1980).
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20. "Peroxonium Salts and Method of Producing Same," by K. 0. Christe and

W. W. Wilson.

21. "Stable NF Salt of High Fluorine Content," by K. 0. Christe and
W. W. Wilson.

22. "Improved NF 3-F2 Gas Generator Compositions," by K. 0. Christe and

W. W. Wilson.
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DISCUSSION

+

Significant progress has been made in the area of NF 4 Chemistry. A number of

novel complex fluorotungstate salts have been synthesized and characterized.

Most of these salts were found to be stable and are of practical interest as

solid propellant WF6 gas generators. The results of this study are presently

being summarized in manusi rLpt form.

SOther novel NF4+ salts derived from SiF4 , UF6 , and BeF 2 have also been success-

fully synthesized. Characterization of these salts is presently being completed.

Some of these salts are attractive because of their potential as ingredients in

high NF3 /F 2 yielding solid propellant gas generator formulations.

+
Analytical procedures for NF4  salts have been refined, and the results are

summarized in Appendix A for publication. The vibrational spectra of 15N labeled
+

NF 4AsF and the general valence force field of NF4 were published in Spectro-

chemica Acta (see Appendix B).

'Thermodynamic data have been determined for NF4BF4, NF4PF6, NF4AsF 6 , NF 4SbF6 and

NF GeF Measurements on (NF4 ) 2 GeF 6 are in progress. This work is being carried
4 5*42 6

out in collaboration with Prof. Peacock of the University of Leicester, U. K. and

Dr. Bougon of the French Atomic Energy Commission. The results will be highly

useful for theoretical performance calculations and theoretical predictions

concerning the possible existence of yet unknown NF4 + salts. For example, it was

shown that the hypothetical NF4 +F salt, i.e., an ionic NF5 , cannot exist under

normal conditions. This study is expected to be completed during the current

year.

The papers on the novel (NF4 ) 2MnF 6 salt was published in Inorganic Chemistry

(see Appendix C), and a US patent on the use of NF4 + salts in high detonation

pressure explosives was issued (see Appendix D). Attempts to synthesize the

unknown (NF4 ) 3 AIF 6 salt by new methods have so far been unsuccessful.

RI/RD81-140
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In addition to the previously mentioned studies on NF4 + chemistry, extensive

efforts were carried out in several other areas of nitrogen fluorine chemistry.

In connection with the interest In a chemical NF laser, the reaction of fluorine

atoms with HNN3 was studied by matrix isolation spectroscopy, but no evidence for

the existence of an intermediate F.HN3 adduct was observed under the given con-

ditions. The compound CF3N3 was prepared and characterized (see Appendix E), and

it was found that its fluorination provides an improved synthesis of CF3 NF2, a

compound which is difficult to prepare in good yield and purity according to

previous literature methods (see Appendix F). Attempts were made to synthesize

the unknown NH2F molecule by a series of displacement reactions using NH3 F +CF 3SO3

(Ref. 2) as a starting material (Drs. Grakauskas and Baum from Fluorochem kindly

provided the precursor for the preparation of this compound).

Significant progress was also made in the area of halogen fluoride chemistry.

The first example of an iodine hypofluorite OIF 4OF was prepared and fully

characterized (Appendix G). In connection with this study, numerous interesting

reactions of periodates were investigated. In collaboration with Prof. Oberhammer

o the University of Tubingen, W. Germany, the molecular structure of ClF3 0 was

determined by electron diffraction (see Appendix H), and evidence was obtained

for the existence of directional repulsion effects by lone valence electron

pairs and 7T-bonds in trigonal-bipyramidal molecules (see Appendix J).

The interesting compound, fluorine perchlorate, recently became readily accessible

in high purity through the thermal decomposition of NF4 +C0 4 - (Ref. 3). Since

very little was known about this compound, except for it being highly explosive,

a complete characterization was carried out and the results are being summarized

in manuscript form. In connection with this study, the knowledge of the General

Valence Force Field of FC1O3 was required. Since these data were previously not

,vailable, they were determined and are presented in Appendix J in manuscript

form. This study wgs carried out in collaboration with Prof. Sawodny of the

University of Ulm. W. Germany, who carried out the Ab Initio Force Field calcu-

lations. Similar calculations were also obtained for the closely related SF4

Smolccule (see Appendix K). A review chapter on chlorine oxyfluorides was written

for th(, surLes "Inorganic React ions and Methods" (see Appendix L).

RI/RD81-140
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Aqueous fluorinations of several substrates, such as TeO4  and CrO4  , were

studied in an attempt to extend the reaction recently discovered by Appelman

(Ref. 4) which resulted in the isolation of the first known example of an ionic

hypofluorite, FSO 2OF. No difficulty was encountered with the duplication of

Appelman's work, but so far no evidence for the formation of other analogous

hypofluorite anions has been obtained.

RI/RD81-140
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APPENDIX A

Contribution from Rocketdyne, a Division of

Rockwell International Corporation, Canoga Park,California 91304

DETERMINATION OF NITROGEN TRIFLUORIDE IN

PERFLUORO AM MONIUM CATION CONTAINING COMPLEX FLUORO ANION SALTS

R. Rushworth, C. J. Schack, W. W. Wilson and K. 0. Christe*

S, "•Received November 3, 1980
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Brief

The N+content of complex fluoro anion salts is determined by quantitative

measurement of the NF3 evolved during hydrolysis using gasornetric and chroma-

tographic methods. The use of several quantitative, semiquantitative and

qualitative methods for the determination of the anions or for the detection

of impurities in the NFsalts is discussed.

RI/RD81-140
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Abstract

The NF content of complex fluoro anion salts is determined by quantitative

measurenent of the NF3 evolved during hydrolysis of 500-1000 mg size samples

using gasometric and chromatographic methods. Analytical data dare given for Ii
NF4 BF4 , NF SbF 6 , NF4 BiF 6 and NF4 SnF 5 with NF3 contents ranging from 17 to 40%.

v These data show a scatter of about t 2 relative percent for the NF3 analyses.

The use of several quantitative, semiquantitative and qualitative ethods

for the determination of the anions or for the detection of impurities in the

"NF• salts is discussed.

RI/RD81-140
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Introduction i on

Perfluoroammonium salts are unique. In spite of their unusual oxidizing power,

they are capable of 'forming numrous stable salts, Potential applications

of NF salts include their use in solid propellant NF3 -F 2 gas generators

for chemical HF-DF lasers (1,2) and as a fluorinating agent for aromatic

compounds(3). Since generally the elemental analyses of powerful oxidizers are

difficult to perform, we would like to report the methods devcloned in our

laboratory for analyzing NF• salts.

Experi mntal

Caution: The hydrolysis of NF salts is highly exothermic and can be explo-

sive. It must be moderated, as described in the following paragraphs, and

appropriate safety precautions must be taken.

SApparatus. The hydrolysis reaction of NF salts was carried out in a volure

calibrated s;.Zinless steel vacuum line equipped with Teflon FEP U-traps and

bellows seal valves. Pressures were masured with a Heise Bourdon tube-type

gauge (0-760 0.01%). The vacuum line was directly interfaced with the

gas chromatograph, F and M Model 700, which was equipped with a 1/8" X 20'

column packed with PPQ, 80-100 mesh, and was operated at ambient temperature,

with 25 mL/min He, and a thermal conductivity detector. Peak area integration

was accomplished with a Hewlett-Packard Model 3371 R integrator. Non-volatile

materials were handled outside the vacuum system in the dry nitrogen atmosphere

"of a glove box. Raman spectra were recorded on a Cary Model 83 spectrophoto-

meter using the 4880 R exciting line of a Lexel Model 75 Ar ion laser and a

Claassen filter (4) for the elimination of plasma lines with sealed glass

melting point capillaries as sample containers. Infrared spectra were obtained

RI/RD81-1 40
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-2-

using Perkin-Elmer Model 283 or 457 spectrophotomters using a Wilks mini-

pellet press for pressing the dry powders between AgCl disks.

Hydrolysis of the NF: Salt. The sample to be analyzed (500-1000 mg) was

transferred in the glove box to a previously evacuated, leak checked, and

weighed volume-calibrated Teflon FEP ampoule equipped with a stainless steel

"valve. After removal from the glove box, the ampoulo was reevacuated and

"reweighed. It was attached to the vacuum line and after cooling to -196°,

2.0 mL of degassed and deionized H2 0 was slowly admitted into the sample tube

from an inverted bulb. The H2 0 addition was carried out in such a manner that

the water was frozen at -1960 on the upper walls of the tube some distance above

the sample. Upon closing the ampoule the frozen water was knocked down onto

the sample. The resulting solid mixture was agitated and carefully warmed

"toward room temperature. As soon as interaction was noticeable, the mixture

was chilled in liquid N2 again to moderate the hydrolysis. Repeating this

warming and cooling cycle, two or three times accomplished most of the hydro-

L lysis reaction and at this point the reaction was allowed to go to completion

near room temperature.

Deterý,ination of the NF32O2 . oqtent byGas Chromatography. The tip of the

ampoule with the resulting hydrolysate was cooled to -780. Care was taken that

all the hydrolysate was in the tip and that it was frozen to avoid distortion

of the ensuing pressure measurement by water vapor pressure. With the solution

frozen, the ampoule was opened to the calibrated volume of the vacuum line,

the gas pressure and temperature were recorded, and the amount of gas was

calculated from these PVT measurements. A portion of this gas was analyzed by

ARI/RD81-140



GC which had previously been calibrated for NF3, 02, N2, and mixtures thereof.

Retention times (in minutes) for the gases were: N2 (2.4), 02(2.55), and NF3(4.95).

The amount of NF4 , originally present in the sam•ple, was calculated from the

total amount of gas evolved and the percentage of NF3, as found by GC. Analyses,

carried out on pure samples showed that 1 mol NF+ generated 1 mol of NF3 .

"Separat4on of NFanad 02 by Fractional Condensation. The following procedure

was also used in place of the gas chromatographic determination of NF3 and 02'

After the NF+ salt had been hydrolyzed as described above, the ampoule contain-

ing the hydrolysis products was cooled to -210 C by a N2 slush bath prepared

by pumping on a dewar containing liquid N2. The contents of the ampoule were

allowed to slowly warm from -210 toward 0 , while the volatile materials were

pumped in a dynamic vacuum (_10" torr) through a series of U-traps kept

at -780 C for trapping water vapor and at -210 0C for trapping NF3. When the

hydrolysate in the ampoule had melted, the valves between the ampoule, the first

U-trap and the second U-trap were closed and pumping on the second (-210 0 C)

U-trap was continued for another 15 minutes to remove any trapped oxygen. The

-210 C U-trap was then closed off, the contents were allowed to warm to arrtient

temperature and were measured by PVT.

Results and Discussion

The analyses of numerous spectroscopically pure NF4 salts of different

counterions by the gas chromatographic method have shown (see Table 1) that
! the hydrolysis of NF+ results in quantitative NF3 evolution according to:

RI/RDRI-140
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-4-

2NF4 + 2H2 0 +2NF3 + 02 + 2H2 F

The solubility of NF3 in H20 is very small (5,6) and can therefore be neglected.

The hydrolysis reactions must be carefully controlled to avoid violent

reactions (7,8) which (i) are dangerous and (ii) can result in the hydro-

lysis of some NF3 to nitrogen oxides. The oxygen evolution was found, even

under well controlled conditions, to be often less than quantitative due to

the formation of some H202 and HOF (2). In addition, certain oxidizing anions,

such as NiF6 2 (7), BiF6 (2) or MnF 6
2 (8)also produced oxygen on hydrolysis.

Consequently, determination of the evolved 0 should not be used for a quanti-

tative determination of the NF content.
i4

Two methods were developed for the determination of the amount of NF3

evolved during hydrolysis. In the first method, the total amount of gas

volatile at -78 0 C is measured by PVT, followed by a gas chromatographic analysis

of the gas. In the second method, the evolved NF3 and 02 are separated by

0 0fractional condensation using a -210 C trap; the -210 C trap retains only the

INFP. The choice of either method depends on the availability of the appro-
3.

priate equipment.

An error analysis of the method using gas chromatographic separation

shows that by far the largest uncertainty stems from the uncertainty in the

area integration of the GC peak. This is confirmed by analytical data on

high purity NF4 BF4, prepared by low temperature UV-photolysis in a steel-

sapphire reactor (9). These data show a scatter of about -2 relative percent

for the NF3 analyses.

RI/RDSI-140
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An error analysis of the second method shows that its accuracy is limited

by the effectiveness of the NF3 -O2 separation. The NF3 values obtained for

high purity NF4 BF4 standards were found to be highly reproducible, but were

always slightly high due to small amounts (0-0.8 nml %) of residudl oxygen,

as determined by gas chromatographic analyses of the NF3 trapped at -210 0 C.

".•1
Despite the minor limitations of either of these two methods, both are

well suited for the quantitative determination of NF in NF+ salts.
3 4

Often, however, the NF•- containing salts are obtained by a metathetical
L 44

reaction (10), rather than in a direct fashion. This results in a product

consisting of a mixture of several salts. This fact does not alter the method

nor the reliability of the NF3 determination of such a mixture; however, it does

require additional analyses for the remaining Constituents using methods such

as atomic absorption, x-ray fluorescence spectroscopy and gravimetry.

Typical elements determined in the hydrolysate after the NF, analysis include

Cs, Ag, B, Sb, Sn, Ti, Ni, Mn, Bi, W and U. Analyses for the determination ofL -the total fluoride content were not carried out because they do not provide

much useful information and require Parr bomb fusion techniques using Na2O2

(11) to assure complete hydrolysis of the complex fluoro anions.

If the mixture of the salts to be analyzed can contain polyanions, such

as Sb2 Fl, (2), "i 2 FII-(2), or Ti 2 F10
2 -(12), the mole ratio of total cation

central atoms to total anion central atoms provides information about the

RA-/R)8:-140
A-S



-6-

percentage of polyanions present, The presence of polyanions or of impurities,
+.such as H30 (13), HF2  or solvated HF, can be further confirmed by qualitative

spectroscopic techniques, such as infrared and Raman spectroscopy. The

question of which cations are comtined with which anions can be answered by

recording the x-ray powder diffraction patterns of the mixture.

Sn-

Semi-quantitative methods for the determination of NF and MFX inclide

Raman and 19 F NMR spectroscopy. In the Ramana spectra the syrrntric stretching

mode of tetrahedral NF , for example, occurs at about 850 cm l(14) and always

results in an intense and narrow line outside the frequency range of most

anion mooes. The relative peak height of this line can therefore be taken

as a measure of the NF concentration, provided that calibration spectra

of analyzed samples recorded under identical instrumental conditions are

available and that the relative peak heights of the other complex ions are

also known. The advantage of this method is its speed and the small amount

of sample required. It is routinely used in our laboratory and gives results

within a few percent of those obtained by conventional wet analysis techniques.

It should be pointed out,however, that this method is not suitable for the

detection of weak Raman scatterers, such as HF.

In the F NMR spectra of solutions of NF+ salts in solvents, such as

anhydrous HF or BrFs, a very narrow well-resolved triplet of equal intensity

is observed for NF+ at about 220 ppm downfield from external CFCI 3 with a

line width of about 5Hz and JNF= 229 Hz (15, 16). It is well suited for

I
RI,'RD8 1-140
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-7-

accurate peak area integration. However, in many cases rapid fluorine

exchange between the complex fluoro anions and the HF solvent preempts

the simultaneous determination of the anion concentration, thereby limiting

the general applicability of this method.
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Table 1. The Determination of NF3 in Various NF: Salts
by the Gas Chromatographic Method _-

COMPOUND THEORETICAL EXPERIMENTAL
% NF3 NFe-a _
~N3  3 , -

NF4 BF4  a 4o.16 4o.28

NF4 SbF 6 b 21.80 21.69

NF SbF c 21.80 21.71
4 6

NF4 BI 6 b 17.19 16.94

NF SnPF d 23,38 23.60

a) From uV photolysis reaction

b) From direct thermal synthesis

c) From pyrolysis of Sb2 F salt

d) From displacement reaction

e) Averaged values from multiple determinations

[ *
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APPENDIX B

Vibrational spectra of '5NF4AsF, and general valence force field of NF4

KARL 0. CHRIS-TE

Rocketdyne. A Division of Rockwell International. Canoga Park. (A 91304, U.S.A.

(Received 3 March 1978: in revised form 6 May 19X)

Abst•arc-Samples of "NF.AsF, and '"NFAsF6 were prepared by low-temperature u.v.-photolvsis
and their vibrational spectra were recorded. The observed spectra are in agreement with space group
P4/n for NF 4AsF, and site symmetries of S., and C., for NFr and AsF-. respectively. The observed
14N- 15N isotopic shifts were used to compute a general valence force field for NF,.

INTRODUCTlON actual spectra are not shown. The observcd fre-

Since the first report [1. 2] on the existence of quencies, "4N-'5 N isotopic shifts and assignments
NF; salts numerous papers [3-25] dealing with are summarized in Table 1.
NF: chemistry have been published. The vibra- Although the assignments given in Table I were
tional spectrum of NF; is well known [5, 7-9. made for simplicity for tetrahedral NF, and oc-
13-15. 17-19], and its force field has been corn- tahedral AsF-, the observed splittings of the deven-
puted [5, 7]. However, the earlier work permitted erate modes and deviations from the T, and O0
only computation of an approximate force field, selection rules indicate that the actual site svmmet-
since the F2 block has two fundamentals and three ries of the NF; and AsFA ions must be lower than
symmetry force constants. In view of the general T, and O.. respectively. Unfortunately, the exact
interest in the NF; cation, the computation of a crystal structure of NF.JAsF,, is unknown, however,
general valence force field was highly desirable. In based on its reported X-ray powder diffration data
addition, it was hoped that the vibrational spectra [4], NFAAsFA, appears to be isotypic with PCIPCII,
might allow the determination of the space group which belongs to space group P4/n (Ct,, No. 85)
of NF 4AsF 6. [29,30]. In this space group. the NF; cation would

occupy sites of symmetry S,. As can be seen from
comparison of Tables I and 2. the observed NF;

IEXPIME•NTrAL bands agree well with the predictions for S, site
The samples of "'NF4AsFs and '5NF 4AsF. were pre- symmetry, but not with those for D, or D=,. Simi-

pared by low-temperature u.v.-photolysis of mixtures of larly, the deviations from the 0 , selection rules,
F2, AsF. and ' 4NF3 or 15NF3, respectively, in a quartz
reactor, using a previously:ilescribed method [15]. The observed for AsF6. are compatible with a site sym-
'SNF 3 starting material was prepared by glow-discharge metry of C4 (see Table 3), but not with D2,1, D.h,
of 'IN2 (99% '-N, Stohler Isotope Chemicals) and F2  D2 or S4 . Based on these re,,uit,,, alternate probable
(Rocketdyne), as previously described (26]. Volatile ma- space groups, such as P4/nmm, P4,/n, P4.22,
terials were handled in a stainless steel Teflon-FEP vac- P42/mmc, P4/mnc P4:/mnm or P4/r, can he ruled
uum system and solids in the dry nitrogen atmosphere of

a glove box. out.
The i.r. spectra were recorded on a Perkin-Elmer Since the A , and E block of tetrahedral NF,

Model 283 spectrophotometer as dry powders pressed contain only one fundamental vibration each, the
between AgCI disks in a Wilks mini The spec- values of the corresponding symmetry force con-
trometer was calibrated by comparison"IM'afl~-d gas stants are uniquely determined. For the F, block
calibration points [27, 28]. The Raman spectra were re-
corded on Spex Ramalog and Cary Model 83 spec- which contains one stretching and one deformation
trophotometers using the 4880 A exciting line and quartz mode, additional data, such as 4N-15 N isotopic
tubes as sample containers. The reported frequencies and shifts, are needed to allow the calculation of unique
isotopic shifts are believed to be accurate to ± 1 and values for the three symmetry force constants.
±0.1 cm-•, respectively. In solid NF 4AsF, the F2 modes of NF4 are split

under S4 site symmetry into one B and one doubly

RESULTS AND DISCUSSION degenerate E mode. Since the isotopic shifts of

The sample of "5NF4 AsF6 was of high isotopic both modes are very similar (see Table 2). weight-
purity and its vibrational spectra did not exhibit any ing of the shifts can be neglected and a simple
detectable bands due to the "4N isotope. To deter- average was used. It should he pointed out however
mine the '4N-"'N isotopic shifts, the corresponding that in certain NF., salts, such as NF,3F., [311, the
4N salt was prepared and studied by vibrational '4N-'5 N isotopic shifts of the 1dF'. components

spectroscopy under identical conditions. Since the can differ by as much as 8,cm ', thus requirino
"•N salt spectra were identical to those previously reliable mode assignments.
published for the "N salt [15], except for the As expected from their G matrix elemcis, the
isotopic shifts observed for V3. and v, of NF,,, the "'N-'SN isotopic shifts of 11(A1) und %;ere

921
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922 KARL 0. CHRISTE

Table 1. Vibrational spectra of "4NFAsF6 9nd ' 5NF4AsF6

1
4NFAsF6  'SNF 4 AsFA Assignments (point group)*

i.r. Raman i.r. Raman NF.- (T,) AsF6,(Oh) A 1 '4N-'sN

2360 vvw :2310 vvw1 2 P3(A, + E + F2 )
2310vwl 2253 vw j
2012 shl 1984 shV + V3(F 2)

1997 w J 1969w J
1780 sh 1
1763 vw 1732 vw v3 + v4(A I + E + F2) 29.2+1.8
1760 sh J
1457 sh• 1455 sh) V +V,(F2) 2
1453 w J 1451w
1398 vw 1398 vw v, + v3(F 1 u)

1290 vw 1290 vw '2 + v3(F 1 . + F2.)

1221.9 mw 1218.2 mw 2v4(A 1 + E + F 2) 1.85

1165vs, br 11165.0(1) 1135vs, br f11136.0(1) v(F) 29.01 29.25±0.25
LIS 2.9 (0.6) U123.4 (0.6) 29.5J

1056 sh 11054 sh
1052 vw) 105041 v v 2 +v 4 (F 1+F2 )

882(0+) 882(0+) 2 t 2 (A 1+A 2 +E)
848.2 (7.3) 848.2 (7.3) P, (A,)

826 vw 826 vw V2 + v6 (Fi + F20j

710.0 vs, br 704.5 (1.5) 710 vs, br 704.5 (1.5) v3(Fl.)
685 sh 685.4(10) 685 sh 685.4(10) VI(A1•)
613.3s 613.3(2.6) 611.5s 611.4(2.6)1 1.8, 1.9" 1.8±0.1
609.0s 609.0 (5.2) 607.3s 607.2 (5.2)j V4 (F 2) V2(E5 ) 1.7, 1.8j
579w 578.3(1.2) 579w 578.3(1.2)

445.0(1.9) 444.9 (1.9)1
441.6 (2.0) 441.5 (2.0)1 2(E) 0* 0.1

395s 395s V4(Flu)
369.6(3.6) 369.6 (3.6) Ps(F2,)

* The site symmetry of NF4 and AsFia in NF 4AsF 6 is S4 and C4, respectively (see text). However, since reliable

assignments for the nearly degenerate vibrations cannot be made for S4 and C4, the observed spectra were assigned in
point group Td and Oh, respectively.

Table 2. Correlation table for the internal vibrations of NF* in NF4AsF6 for space group P4/n and
Z=2

Point group Site group Factor group
Td S4  C4h Assignment

A- Raman'
A 1 -- Raman* A -- Raman V,ymNF[

E - Raman BSymNF:4

B i.r. Raman Bk - Raman
A. i.r.

FB i.r. Raman 
B R Raman

F. ~ ~ i.r. RamanNF

E. i.r. -

B i.r. Raman B, --Raman N

F2 i.r. Raman 8.,NF4
Fi..RmanE8- Raman

Sir. Raman �E,i.r.

Spcctral activity,
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Vibrational spectra of NF4 AsF, and general valence force ficY of N0:! 923

Table 3. Correlation table for the internal vibrations of AsF, .n NFAF, .for ,pa cý .ruup n-I ,:!ti
Z= 2

Point group Site group Faclor group

•A2-- Ranu't'

-RamaA ir. Raman u* ,ARFm,

, RA. i.r. -- ' A ,,

, R1- R a m a n n -F R a m a n

13 Rdman
,- Raman R a

; - --

EF i.r.Rama
i~~r.~ RaanmanI~Z

13 - Raman 1h•• " 'E.< Ratnawt

Si. r.
B - amanan

- Raroin ~ ~RamAan, i,. RamanR
E, Raman

"E i,r. Raman

SRaman 
B, - Raman

8F2. aE. - Raman a'As F1
E i.r. Raman•: E. i.r. -

found to be zero within experimental error. Those shifts of v3 and v, were computed as a function of
of v,IF,) and P,(F,) were measured to be 29.25:r the interaction constant F,, by trial and error and

C(25 and 1.8=0.1 cnm ', respectively. These values by the use (-f the expressions previousl reported
were supported by preliminary measurements on [32: for the cal,:ulation of extremal force constant

! iNF.,F, and :'NF4BF, [31] which shows very solutions. The results of these -alculations are

Simtlar averaged isotopic shifts for t, and v,. shown in Fie. 1. The olhsercd :"N "'' topi
For the computation of the general valence force shifts were used to graphically select the correct F.,

field of NF.- the frequencies and isotolpe shifts nlock force field. The isotopic shift of V, was pre-
listed in Table 4 ,ere used. For the F2 block, the ferred because, due to its smallness. anharmoticitv

possible ranges of the two diagonal symmetry force corrections should he unimportant [33'.

constants F,, and F., and the "N-"0 N ,sotoptc Since the slopes of the Av, and - Av, vs F1, f'los

Table 4. Frequenct values. i.._ . isotopic shirts (cm 'i. general valence force field* ini potcntnal energy dinruhu-

"r tion for NF'

v 'NF; ,:'NF. Symmetry force conslant, P[:)

A 849.2 848.2 0I F, 3 f,, 3 8 t053

6 E 443 3 443.3 0 F:- f, -2f, +-.f_, -o.733
F2  , 1158.95 11 29.7 29.25± 1.25 t1 = -. ,, =5.52 -l-l0. h . 49 F :,, - 391:,

, 611.15 609.35 ,8±0 I F" f, I :. =1.0t± .O2 1SF,, 677KF', I,0
F, 21f,. . .73 - ',.03

6 53 011.1
• f,.= •1633±0.1)3

'Stretching. bending and stretch-bend interaction force constants have units ot indN.,, ,o dn,'- ru,, •i ,:d
mdynA radian, respectively.
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APPENDIX C

Synthesis and Characterization of (NF 4)2MnF6

K. 0. CHRISTE.* WILLIAM W. WILSON, and RICHARD D. WILSON

Received March 28, 1980

The synthesis of novel NF4÷ salts containing doubly or triply charged 3d transition-metal fluoride anions was studied. The
new compound (NF4)2.MnF6 was prepared and characterized. The combination of good thermal stability and high active
fluorine content makes (NF4)2MnF 6 an outstanding solid oxidizer.

Introduction added at -78 *C on the vacuum line, and the mixture was warmed
to 25 *C for 30 min with stirring. The mixture was cooled to -78

Due to the high-energy kinetic stability of the NF 4+ cation,' *C and pressure filtered at this temperature. The HF solvent was
NF 4÷ salts are important high-energy oxidizers. In order to pumped off at 30 *C for 12 h. The white filter cake (14 g; weight
maximize the oxidizing power of such salts, it is desirable to calculated for 37.1 mmol of CsSbF6 = 13.7 g) was shown by Raman
combine as many N F4' cations as possible with a given anion. spectroscopy to consist mainly of CsSbF 6. The yellow filtrate residue
Furthermore, the anion should be as light as possible and also (6.1 g; weight calcz'.zted for 18.5 mmol of (NF 4)2MnF 6 = 6.46 g)
be an oxidizer. Of the presently known NF 4+ salts,' (N- was shown by elemental analysis to have the following composition
F 4)2NiF 6

3 has the highest active fluorine content or oxidizing (weight %): (NF4),MnF6, 91.27; NF4SbF6, 4.27; CsSbF6, 4.46. For
capacity. However, its marginal thermal stability limits its the elemental analysis, a sample of (NF4 ),MnF6 was hydrolyzed inH2O, the NF3 and 02 evolution was measured by PVT and gasusefulness. Consequently, compounds having comparable chromatography, and Cs, Sb, and Mn in the hydrolysate were de-
fluorine content but possessing better thermal stability are termined by atomic absorption spectroscopy. Anal. Caled for
highly desirable. This paper describes the results of a sys- [(NF 4),MnF6]91.27[NF4SbF6]4.27[CsSbF 6]4,.: NF3, 38.07; Mn, 14.37;
tematic study on the synthesis of NF 4÷ salts derived from 3d Sb, 3.07; Cs, 1.61. Found: NF,, 37.8; Mn, 14.5; Sb, 3.10; Cs, 1.62.
transition-metal fluorides and the successful synthesis of the Caution! The reaction of (NF 4)2MnF 6 with H20 is extremely
novel (NF 4)2MnF 6 salt. violent, and proper safety precautions must be used.

The CoF3-NF 4HHK System. A suspension of CoF3 (231 mg = 2
Experimental Section mmol) in a freshly prepared concentrated NF 4HF2-HF solution2 (15

mmol of NFIHF2) was stirred at -45 *C for 4 h. The tan CoF3 didMaterials and Apparatus. The equipment, handling techniques, not appear to react, and no evidence for the formation of pale blueand spectrometers used in thssuyhv rvosl endsrbd'-
adin this study have previously been descrid. CoF 6 - was observed. The HF solvent was pumped off while the

A literature method 4 was used for the synthesis of NF4SbF 6. For mixture was allowed to warm slowly toward ambient temperature.
the synthesis of Cs2MnF 6, a previously reported method5 was slightly At this temperature, the NF 4HF2.nHF underwent decomposition and
modified. Anhydrous MnCI2 and dry CsF, in a 1:2 mole ratio, were was also pumped off. To ensure complete decomposition of N F4H F2,
fluorinated in a Monel cylinder at 400 0C for 36 h by using a MnCI2:F2 we warmed the mixture to 45 *C for 4 h under a dynamic vacuum.
mole ratio of 1:10. On the basis of the observed material balance, The tan solid residue (230 mg) was shown by vibrational spectroscopy
elemental analysis, X-ray diffraction powder pattern, and vibtrational to be unreacted CoF3.
spectra, the resulting yellow solid consisted of high-purity Cs2MnF 6.

The Cs2CuF 6 salt was prepared by high-pressure fluorination of Results and Discussion
a mixture of CsF and CuCI, in a 2:1 mole ratio. The conditions (400 In view of the marginal thermal stability of (NF 4)2NiF 6 it
-C, 18 h, 130 atm) were similar to those6 previously reported.
However, during unsuccessful attempts to prepare CS3CuF 6 in a similar was interesting to investigate the possibility of synthesizing
manner, it was noticed that very mild fluorination conditons (flow other NF 4+ salts containing multiply charged anions derived
reactor, 200 °C) sufficed to prepare Cs 2CuF 6. This brick red com- from higher oxidation state transition-metal fluorides. It was
pound was always formed as the major product, instead of the pale hoped to obtain a salt which would be comparable to (N-
green CsjCuF6. At the lower fluorination temperatures, the fluori- F 4)2NiF 6 in its active fluorine content but possess better
nation product also contained CsCIF4. The infrared spectrum of thermal stability. The following anions were considered most
Cs2CuF6 showed major bands at 670, 570, 480, and 430 cm-1. The promising: CuF 6

3-, NiF6'-, CoF613-, MnF6
3-, CuF6

2-, CoF 6
2-,

compatibility of Cs2CuF6 with different solvents *P ei BrF,, and Mn F6--.
Cs2CuF 6 is stable but highly insoluble, whereas in anhydrous HF, Attempted Syntheses of (NF 4)3MF6 Salts. In a previous
it is soluble but undergoes a reaction even at -78 °C, resulting in the study,' it was shown that the above listed triply charged anions
formation of a brown solid. When the Cs2CuF 6-HF solutions were
warmed to room temperature, fluorine evolution was observed, in undergo solvolysis in HF. Furthermore, i was found that
agreement with a previous report.' CuF63- decomposed with F2 evolution and NiF 63- dispropor-

Preparation of (NF4)2MnF 6. In the N2 atmosphere of a drybox tionated with NiF 61- formation but that for CoF 63- the so]-
a mixture of NF4SbF 6 (37.29 mmol) and Cs2MnF 6 (18.53 mmol) was volysis to CoF4- + 2 HF2- could be suppressed by the addition
placed into the bottom of a prepassivated (with CIF3) Teflon FEP of a 10-20-fold excess of fluoride ion to the solution. In view
double U-tube metathesis apparatus. Dry HF5 (20 mL of liquid) was of these results, a simple metathetical reaction of an M F6

3-
salt in HF solution according to

: HF
(1) K. 0. Christe. R. D. Wilson, and I. B. Goldberg, Inorg. Cheri., It, 2572 3NF 4SbF6 + Cs 3MF 6 - 3CsSbF6 , + (NF4 ) 3MF 6(1979). and references cited therein.
(2) K. 0. Christe, W. W. Wilson, and R. D. Wilson, Inorg. Chiem., 19. 1494

(1980), and ref 1-18 cited therein, is preempted by the unavoidable solvolysis of MF3-. However,
(3) K. 0, Clsriste, norg. Chtern., 16. 2238 (1977). the synthesis of a CoF6 - salt might be possible in the presence
(4) K. 0. Christe. C. J. Schack. and R. D. Wilson, J. Fluorine Chem., 8, of a large excess of fluoride ion, provided the excess of fluoride

541 (1976)
(5) K. 0. Christe. C. J. Schack, and R. D. Wilson, Inorg. Cheri., 16. 849 can be readily removed from the product. Such a method was

(1977).
(6) W, Itarnischmacher and W. Hoppe, Angew. Chem., Int. Ed. Engl., 12,

582 (1973). (H) K. 0, Chrismc, W, W. WiNon, and C. J. Schack, J. Fluorine Chem.. It,
(7) T. I.. Court. Ph.D. Thesis, University AF Nottingham, England, 1971, 71 119781.

Ittisrintesd from lnorganic (I lhili kirv, 1914t1, 19. , RI /RD81-140
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recently discovered9 and successfully applied to the synthesis Table 1. X-ray Podcr Data for (NI:jMI,. Salts

of NF 4UF5O according to (M -Mn, Ge, Ti. Sn "
HF__ _ _ _ _ _ _ _ _ _ _ __ _ _

NF4HF2 + UF40 NF 4UF5O + HF ... , .

N1F4HF, is thermally unstable2 and decomposes at 30 'C to ,
NF1 , F2, and HF, which are all gases. Therefore, the HF . . .
solvent can be pumped off first at low temperature, followed
by decomposition and removal of thc -excess NF 4 H F2. Ap-
plication of this method to the synthesis of (NF 4 )3CoF 6 ac- , ...... -

cording to . ' . . ,',,, '
H (F N ) F .... .....

3NF4 HF, + CoF - (NF4 CoF6 + 3HF

was unsuccessful, and no evidence for the formation of a co- i ... .,, '
bait-containing NF4÷ salt was obtained. Only unreacted CoF3
was recovered. ,.. ,w,, , ,,j, ,o

Syntheses of (NF 4)2MF6 Salts. Since the MF 6
2 - anions

contain one negative charge less than the MF6
3- ones, they are . .........

less basic and, therefore, are less likely to undergo solvolysis Table II. Crystallographic Data of (NI:,),MF. Salts

in the strongly acidic solvent HF. The compatibility of TiF 6
2- M = Ti, Mn, Ni. Ge, SnJa

and NiF 6
2- with HF has previously been demonstrated3 .7",0 and tetragonal unit cell -alcd

led to the successful syntheses of (NF 4 )2TiF 6
'0 and (NF,) 2- dimcnsions vol/F, density,

NiF6 .3 During this study the compatibility of Cs2CuF6 with a. A c. A V. A' A) g/cm,
HF was studied. It was found that Cs2CuF 6 reacts, even at
low temperature, with HF to form a dark brown solid. At (NF,) 2TiF, 6.99 9.28 453 16.2 2.61(NF),)MnI:. 6.90 9.23 440 15.7 2.64
room temperature, decomposition with fluorine evolution oc- (NI:.3aNil-. 6.83 9.27 432 15.4 2.71
curs. The compatibility of Cs 2CoF6 with HF was not examined (NF,),GeF, 6.92 9.25 443 15.8 2.75
since Court had previously shown 7 that this salt is unstable (NF,),SnF, 7.05 9.41 468 16.7 2.93
in HF solution. a Space group 14/m (No. 87);Z= 2. b Data from ref 13.

In agreement with a previous report,7 MnF 6
2- was found

to be stable in H F solution. Consequently, the metathetical was completely decomposed under a dynamic vacuum at 240
reaction *C. On the basis of its weight, X-ray powder diffraction

pattern," and mauve color, this residue was identified as MnF 3.
2NF4SbF 6 + Cs2MnF 6 -. 2CsSbFd + (NF 4)2MnF 6  Consequently, (NF 4)2MnF 6 decomposes according to

was carried out which resulted in the isolation of the novel 2(NF,)2MnF. - 4NF 3 + 5F2 + 2MnF]
(NF4)2MnF6 salt. Since the impurities NF4SbF 6 and CsSbF 6
are well characterized, no attempts were undertaken to purify A comparison with the decomposition data previously pub-
the compound by well-estabished4 recrystallization techniques. lished' for (NF 4)2NiF 6 shows that the normal stability of

Properties of (NF 4)2MnF 6. The (NF 4)2MnF 6 salt is a (NF4) 2MnF6 is significantly higher than that of (NF 4)zNiF.
yellow, crystalline solid which is highly soluble in anhydrous which in 6 h at 100 *C exhibited 9% decomposition.
HF. At 24 *C, its solubility exceeds 1.30 g/g of HF. It is Crystallographic Data. The X-ray powder diffraction
stable at room temperature, and, in the absence of fuels, it is pattern of (NF 2)N4nF 6 are listed in Table I. The pattern is
not shock sensitive. With water a violent reaction occurs, very similar to those of other (NF 4)zMF 6 salts (M = Ge, Ti,
similar to that previously reported3 for (NF 4)2NiF6, By Sn. Ni).3 °"0 -•" indicating that thesesalts are isotypic. Recent
analogy with the other known NF 4' salts, the hydrolysis was studies on both powdered and single-crystal (NF 4).NiF, have
found to result in quantitative NF 3 evolution and, therefore, shown that this compound crystallizes in a tetragonal form
is a useful analytical method. The hydrolysis also produced derived from the K:PtCl6 structure and belongs to space group
oxygen in a N F3 :0 2 mole ratio of 8:5 in excellent •L 14/m. Consequently, the indexing, previously proposed forwith the equation the (NF4 )2MF 6 salts (M = Ge, Ti, Sn, Ni).""3 '• 2 was revisedaccording to ref 13. The revised patterns and the crystallo-
4(NF4)2 MnnF 6 + 1OH20 graphic data are given in Tables I and 11, respectively. Some

8NF3 + 502 + 20HF + 4MnF 3  of the additional lines, previously observed, 3A -1)0.'2 were found
to be due to small amounts of polyanion salts such as (N-Thermal Decomposition. At 65 °C, (NF4 )2MvnF 6 appears F4).Ge2 F10 or (NF 4)2 Sn,F1 o. As expected, the size of the unit

to be stable, but at about 100 0C it starts to slowly decompose. cell d r (NF4)2 TIF6  to the oing o the
Its decomposition rate in a sapphire reactor was monitored cell decreass from (Ntaio)niF6 to (NFc)aNiF6 owing to the

by total pressure measurements over the temperature range transition-metal contraction and then increases again when

100-130 'C. Except for a slightly faster rate during the first going from Ni to the main-group elements.

20 min. the decomposition pressures increased approximately NMR Spectrum. The ionic nature of (NF4)2MnF6 in HF
linearly with time at 100 'C. At 130 *C, the rates slightly solution was established by its `9F NMR spectrum which wasaccelerated with increasing time; however, this rate increase recorded over the temperature range +20 to -75 *C. It
was quite small. At 100in C, 0. 17% of the sample decomposed showed at all temperatures a broad resonance at 0 -218
in 17 h, whereas, at 130 OC, 0.66% of the sample decomposed (downfield from external CFCI3 ), characteristic of N F,+. The

in the same time. The gaseous decomposition produicts con- lack of observable NF spin-spin coupling, generally seen for

sisted of NF, and F2 in a mole ratio of about .2. For
identific mtion of the solid residue, a sam ple of ( -1.4)2M nF , ( ) M.C A. H pwurth and K. tlii Jack. F luao rvi raflo. 2 0 34, 33 1 9 17T.C. Ehierr and M. llsia. 1. Fluorine C.hem.. 2. 33 11972).

(12) K. 0. Chrisle. C. J. Schack. and R. D. Wilson. Inorg. (hern.. 15. 1275
(1976).

(9) W W. Wilson and K. 0. (hristc. J. InorR Nual. ('hem., in prcss. (13) P. Charpin. %I I.mxc. T Bui I lu\, .rd R. Boutron. J. /iportn; (hem.
(MO) K, () Chritc and C J. Schack, Inorg. ('hem.. 16. 353 (19177). in prcs.
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Table ll. Vibrational Spectra of Solid (NFj..MnF, and ('%%nl".

obsd freq, cm-'. and rel intcna

(NF.),MnF, CsNtnF, assignt (point group)b

IR Raman IR Ranian NI- (Td) Mnl:.: (0h)

2310vw 2v, (A + I + 1:,2)
2000 w v, + V,, (F,)
1759 vw a, + P, (A, + F + F:,)
1466 w ., + v. (102)
1221 mw 2v, (A, + 1: F2 )

1240h • + sh, (+ ,)
1202 vw

1155 vw
Ill0 sh 1116w : • a (F,, + ":)

1061 vw v + v, F. + F':)915 vw 919 Vw V1 f Vi 0l,11)
836vvw 8S5 m v, (A,)
760 %h 745 sh
735 h 732w V, +V. 0F 1 - 1':U)
620 vs 620 vs M. (01) P, (F:,u)

593 0 v590vs U, iA,g)
569 vw

500 vw 505 m 502m ns (t)
450 vw 450w •, (F)

381 vw338 s 338 s ,(:)
304 s 304 s ,(:)

Uncorrected Raman intemitles. b By anakogy with (NF.) 2NiFl' the actual site ymnmctries of N[i," and n:nF." are probably S. and C',h
respectively, thus explaining the observed slight deviations from the selection ruile for Ta and Oh.

"Figure I shows the infrared spectrum of (NF 4)2 MnF,, com-
pared to that of Cs2MnF6. Great difficulties were encountered
in obtaining good-quality Raman spectra with the blue 4880-A
exciting line of our spectrometer due to strong luminescence: 6

"C12'", (ruby red red light emission). However, the principal Raman
lines of NF4 12 and MnF,2-' were observable even under these
conditions. The observed vibrational frequencies and their

\. ,assignments are summarized in Table Ill. Since the as-
signments of NF r ui and MnF 2 - " are well established, no
further discussion is required.

INF412MnFG R ry
The present study shows that, in H F solution, solvolysis

"preempts the metathetical synthesis of NF,' salts containing
triply charged MF 6 -' anions derived from 3d transition-metal
fluorides. On the other hand, three NF4 * salts derived from

24M M000 IM 1800 14M Z 100 goo MW 4 200 doubly ,:barged MF,2- anions are accessible by this method.
FREQtEtCY. CMI These salts are (NF 4)2TiF6.l0 (NF4)2MnF 6. and (NF4 )2NiF6.3

gu 1I. Infrared spectra of solid CsMnF, and ?N •2' -recorded All of them are stable at room temperature, with (NF4 )2NiF 6
at 25 *C as dry powders pressed between AgCI disks. The broken possessing the lowest thermal stability. The existence of stable
lines indicate absorption due to the window material. NF4 salts of TiF 6

2-, MnF 6
2-, and NiF 6

2- can be explained by
the favorable do. d3 (high-spin) and d' (low-spin) electron

tetrahedral NF4/2
4 .5 is attributed to the influence of the configurations, respectively, of these anions. The combination

paramagnetic MnF 6
2- anion which can provide rapid relaxa- of good thermal stability with high active fluorine content (1.58

tion. g/cm3) renders (NF4 ):MnF 6 a very attractive candidate for
Vibrational Spectra. The ionic nature of (NF,)2MaF 6 in solid oxidizer applications.

the solid state was established by its vibrational spectra which
exhibit the bands characteristic for NF,* 2 and MnF--.2 '2 Acknowledgment. The authors are indebted to Drs. C. J.

Schack, L. R. Grant, and M. Lustig for helpful discussion,
(14) K. 6Chrstc. J. P. Guertin. A. 7. Pjvlath. and W. Sa),odn•. lno'. to Mr. R. Rushworth for the elemental analyses. and to the

- (hem,. 6. 533 (1967).

(15) W. E. Tolberg, R. T. Rewick. R. S. Stringham, and M. E Hill. Inorg. Army Research Office for financial support.
Chem.. 6, !156 (1967).

(16) S. L. Chodos. A. M. Black. and C. D. Flint, J. Chem. Phys.. 65-.216 Registry No. (NF,)2 MnF6. 74449-37-9: NFSbF,, 16871-76.4;(1096). and references cited therein. Cs.MnF,. 1b962-46-2; CsSbF 6. 16949-12-5.
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and NF 4BF4 were found to be stable at 150* C. and drop
HIGH DETONATION PRESSURE EXPLOSIVES weight tests of the HMX/NF 4BF4 mixtures showed

only a moderate increase in sensitivity over that of pure
BACKGROUND OF THE INVENTION HMX.

I, Field of the Invention, 5 The examples given in the above table are illustrative
This invention relates to insensitive, high perfor- only and are not intended to limit the scope of the in-

mance explosives, vention. Other commonly used, underoxidized organic
2. Description of the Prior Art. nitro compounds of suitable stability could be substi-
The use of organic nitro compounds as explosives is tuted for the explosives given as examples in the table.

well known. These compounds are self-oxidizing, i.e., 10 Similarly, other inorganic oxidizers could be substituted
the nitro groups provide the oxygen used in oxidation, for those listed in the table.

The highest detonation pressures achievable with the The primary requirements for suitable oxidizers are
currently used organic nitro compounds are about 390 high energy content, high density, high thermal stability
kbar. Further, the best performers (those from which and low reactivity with the organic nitro compounds.
detonation pressures approaching 390 Kbar are achiev- 15 From this point of view, NF 4+ containing salts are
able) are highly sensitive. Thus, the use of the highest ideally suited. The NF 4 +cation is isoelectronic with
performing organic nitro compounds as explosives is the extremely inert CF4 molecule and, therefore, in spite
risky and impractical. On the other hand, the lower of its high energy content, a relatively high activation
performing explosives which possess acceptable stabil- energy is required to cause it to react with other com-
ity are, without exception, underoxidized and generally 20 pounds.
exhibit low densities. The densities of the stable explo- The concept of this invention is not limited to fluo-
sives are generally less than two grams per cm3. These rine containing oxidizers. As can be seen from the exam-
two factors, i.e., the underoxidized nature of the stable pie of Ti(ClO4)4 in the table, this fluorine-free oxidizer is
organic nitro compounds and their low densities, se- equally useful. By analogy with the NF 4+ salts, Ti(-
verely limit their performance. 25 C10 4)4 possesses all the necessary properties fr-r use as

SUMMARY OF THE INVENTION an explosive ingredient.Although oxygen containing oxidizers will be as el-
It has now been found that the performance of explo- fective as fluorine containing oxidizers in most explr-

sives based on commonly used organic nitro comr-
pounds can be increased to about 530 kbar by addin 30 sives, fluorine containing oxidizers are advantageous in

i aluminized formulations. The addition of aluminum iscertain dense and stable but highly energetic inorganic known to increase the performance of an explosive, but
oxidizers. Among the suitable oxidizers are:
(NF4)2TiF6, NF 4BF4, Ti(CI04)4, (NF4)2 NiF 6 and other the A120 3 combustion product formed in a fluorine-free
hereinafter named compounds. system may not remain for a long enough time in the gas

35 phase. AIF 3, on the other hand, is formed as a combus-DESCRIPTION OF THE PREFERRED tion product when fluorine containing oxidizers are
EMBODIMENTS used. Since AIF 3 (sublimation point 1270" C.) is much

Typical examples of performance increases achiev- more volatile than A120 3 (boiling point 2250' C.), the
able by the use of the inorganic oxidizers of this inven- use of fluorine containing oxidizers offers a distinct
tion are illustrated in the following table. 40 advantage for aluminized systems in that efficiencies

higher than those obtainable with oxygen containing
TABLE oxidizers are achieved.

Examples of Theoretical It has been stated above that the oxidizers listed in the
Performance Improvements table are illustrative only. Examples of other suitableDetonation

System Weight % Pressure (kb) 45 oxidizers are NF4s+ salts such as: NF 4 Sb 3F1 6,
Nitroquanidine (NQ) 100 255 NF 4SbF&, NF 4 HF 2 , NF 4 BiF 6 , NF4PF 6, NF 4GeF.,
NQ + (Niu )2 TidF6  43-57 349 NF4AsF6, NF 4Ti2F9, NF 4Ti3F13, NF4Ti6F 25,Triaminotrinitrobenzene (TATB) 100 280 (NF4)2SnF 6 and NF4SnF 5 and other metal perchlorates.
TATB + NF4 BF4  29-.7 375 The salts disclosed herein are not soluble in organic
TAT13 + (NF 4)2 TiF 6  30-78 50 nitro compounds so their use in liquid explosives in
HMX tOo 382
HMX + NF4 BF4  51-49 449 conjunction with liquid organic compounds is not possi-
HMX + Ti (C0044 70-30 456 ble. However, they may be used in plastic bonded
HMX + (NF4) 2 TiF 6  52-48 471 (solid) explosives of the type wherein explosive ingredi-
ftMX - (NF4 )2 NiF6 56-44 527 ents are bound in a suitable binder (many of which are

5s known in the art) and ii slurries where oxidizer parti-
The detonation pressures set forth in the foregoing cles are suspended in liquid organic nitro compounds.

table were calculated by means of the Kamlet correla- What is claimed is:
tion (J. Chem. Phys., 48, 23 (1968)), a method commonly 1. An explosive composition comprising an explosive
used for the performance evaluation of explosives. The organic nitro compound, and enough of a dense inor-
percentage of oxidizer used was chosen to obtain com- 60 ganic oxidizer having an NF 4+ ion in conjunction with
plete combustion of the organic nitro compound (to said organic nitro compound to improve detonation
CO2, N2 and HF in the case of HMX or NQ and to pressure.
COF2, N2 and HF in the case of TATB), As can be seep 2. An explosive composition according to claim I
from the table, the performance of organic nitro explo- wherein said NF 4 ý containing oxidizer is selected from
sives is significantly increased by the addition of dense 65 the group consisting of (NF 4)2TiF(, NIaIIF4.
energetic inorgaic oxidizers. (NF 4)2NiF5,, NF45bF 1t,, NF4SbF6, NF4HF2,, NF4iliF(,,

Laboratory tests have shown that the oxidizers and NF 4PFf, NFtGeFs, NF4AsFe,, NF4 1'i2Fi, NFTi.,1 F1).
explosives are mutually compatible. For example, HMX NF 4"Fi6F25, (NF4) 2Sn-"6, and NF]4SnFý.
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4,207,124•- 3 4
5. An explosive compOSition according to claim 4

wherein said organic nitro compound is nitroguinidine

which is a slurried explosive wherein partlcles of wad and sd dense inorganic oxidizer is (NF)hTsFr.
ds i6. An explosive composition according to clam I
dense inorganic oxidizer ate suspended in a liquid or. 5 wherein sad organic nitro compound is triamlnotrim.

ganic nitro compound. Itobentene and said dense inorganic oxidizer is selceted
from the group conaiising of NFDBF4 and (NF4)2 TiF6.

4. An explosive compowition acco.ding to claim 1 7. An explosive compotlsion ac,•rding to claim I

wherein said organic nitro compound is selected from wherein said organic nitro compound is HMX and said
o 10 dense inorganic oxidizer is selected from the group

the group consisting fconsiting of NF4SF4, (NF4)2TiP 6 and (NF 4)zNiF 6 .
troguanidine and cyclotetran.ethylenetetranitraniine. a' ' * 6

" ~Is
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Abstract

The infrared spectrum of gaseous and the Raman spectrum of liquid CF3 N3

were recorded. A total of 14 fundamental vibrations out of 15, expected

for a model of symmetry Cs with hindered rotation, were observed and assigned.

The uv, 19F NMR and mass spectra were also recorded and confirm the presence

of a covalent azido group. The melting point and vapor pressure curve of

CF3N3 are reported.

Introduction

Although the existence of CF3N3 has been known for almost two decades

very little is known about this interesting molecule. In 1961 Makarov and
1

coworkers ment~oned that CF3 N is formed during the chlorination of CF 3NNNH2
2

and in 1968 they described its synthesis in more detail . However, the

compound was only characterized by elemental anlysis, its boiling point, and

a statement concerning its explosive properties at elevated temperature. 2

No further information on CF3N3 could be found in the literature. This is

not surprising in view o. &be.Cplosive character, generally exhibited by

covalent azides. 3 4  In view of this paucity of data, a characterization of

CF3N3 was carried out, the results of which are summarized in this paper.

Experimental

Caution: Although no explosions were encountered in this study, covalent

azides are in general explosive, 3 and Makarov ana cowork--rs reported that

CF3 N3 explodes at 330 C.2 Consequently, appropriate safety precautions

should be taken when working with larger amounts of CF 3N3

RT/RD81-14O
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Materials and pparatus. Volatile materials were manipulated in stin

less steel vacuum line equipped with 'reflon PEP U, traps and 316 striin~less

steel bellows-seal valves and a Heise Bourdon tube-type pressure gauge.

Gas chromatographic data were obtained using a Varian GC under isothe"'l

conditions with a stainless steel column (1/8'' X 10') packed with Poropak PS.

T r iflIuoron it rosore thane (P CR Resea rch Chem icalIs , I nc .) and hyd raz ine (0O1i n-

Mathieson) were used as received.

infrared spectra were recorded in the range 24000-200 cm on a

Perkin-Elrmer Model 283 spectrophotorneter kusIng a Teflon cell of 5 cm

pathlength equipped with CsI windows. The spectroi-cter was calibrated by

comparison with standard gas calibration' points, ,6and the reported fre-

quencies are believed to be accurate to t2 cm

The Raman spectra were recorded on a Cary M'odel 83 spectrophotorneter

using the 488 nm exciting line of an Ar-ion laser and a Claassen filter7

for the. elimination of plasma lines. Quartz tubes (4 mmn o.d.), closed by

a metal valve, were used as sample containers in the transvcrse-viewing,

transverse-excitation technique. A previously described 8 device was used for

recording the low-temperature spectra. Polarization measurements were carried

out by method Vill as described by Claassen et al.7

The 'F NMR spectra were recorded at 84.6 MHz on a Varian Model EM 390

spectrometer. Chemncal shifts were deter!ie re.lative to the CFC1 3solvent

with positive shifts being downfield fro C 3'

The mass spectra were recorded with an EAI Quad 300 quadrupole spectrometer

at an ionization po~ential of 240 eV.

The UV spectra were recnrded on Cary Model 14 spectrophotometer usinq

a stainless steel cell of 1-) cm pathlength enquipp'od .,ith sapphire -,.indoV.:z.

Synthesis of CF 3N.3 A 200 -iL glas-s ajrpoule c~intaining a stirring tar -..as

loaded with 78.1 mci ~2 H. and 4f ild. CM _0H . stirred and cooled to -7'C

E-2
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After removal of air, CF NO (83 nyrol) -as bled into the cooled ampoule during I __

3
2.5 hours resulting in a blue-green solution. Trifluoronitrosomethane in

the vapor phase was removed and Cl was added (78 11mol during 2 hours) to
2

the stirred -78 0 C solution giving a light yellow colored liquid phase. The

solution was ellowed to warm slcwly and the gas generated was passed through

a coarse glass frit,NaOH scrubber. In 4 hours approximately 76 mmol of crude -

CF3N3 passed the scrubber. Final purification was effected by fractional

condensation through traos cooled at -780, -1260 -1420, and -196°C. The

"-196°C fracticn was mainly CF3NO while the -78 0 C trap contained traces of

material which %,'as d:scarded without examination. The remaining traps con-

tained the colorless CF3N (70 N36ol 97 yield based on r 2 4 taken) 'hose

Cr iidicated pur tv ,as 98-9¼". St'_racc sta;nl-ss, leel cyil :de,s .7cr

several weeks at ambient temperature at several atnospheres prcssure did not

result in any significa'it deco:.position,

Results and Discussion

Synthesis and Properties of CF3N3 . For the synthesis of CF33 the procedure- 2
of Makarov and cowoOkers was followed, It invr•,'es the following reactions.

CF NO + H NNH 2.- CF N=NNH + H 0
3 2 2 32

CF3 N=NNH 2 + ClI----- CF N -CI
3 2 2 3 3

Azidotriflucr'omethane is white as a solid and colorless as a liquid
0

and a gas. it relts at -152 C. It is stable at room temperature and can

be handled without noticeable decomposition, Vapor pressures were measured

over the range -95 to -45 C, and the data were fitted by the method of least

squares to the equation

"I oglP(mn) 7,8748 - 1221.7/T(°K)

with an index of correlation of 0.9998. The extra-iolated boiling point is

-28.5°C, in good agreement with that of -28.5 at 743 mm, previously reported

Measured vapor pressures at the noted ternperatures are [T(°C) ,Prm)] -95.2,

Io; -78.6, 4o, -64.6, 108; -45.5, 324. The latent heat of vaporization of

CF N is 5.531 kcal/mol and the derived Trouton constant is 22.9, indicating
3 3

little association in the liquid phase.

i- ,. L-3
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Vibrational Spectra. Fl9ure I shows the infrarud =pcctrui'i of gascou" and the

Raman spectrum of liquid CF N3 . Th e obscrved frequ-encies are litJ n t(l J n
By analogy with the knon structures of CH3 N3 1 10,11 CF or, 12,13 ,d I1!I

the CF N3 molecule is expected to possess a structure of symmetry Cs with a

planar CN backbone, an approximnately linear 6 group, a staggered CF.3
group, and r1l N (,1.25R) being significantly longer than rN N 1 3ý)1~ 2
due to II being ihe most important resonance structure. 2 3

S~N3/

2 C C

-i F2 I
1

Structure I would be analogous to that of CF N=O1 5 in which the CF and NO

group are eclipsed. Whether the CF' is eclipsed or staggered depends on tl-e

coordination number of N,, including its sterically active valence electron

pairs as ligands. If N1 is three coordinated, as in CF NO or structure I,
3

the highly repulsive free valence electron pair of N will avoid the fluorine

' ligands of the CF group and therefore cause the free valence electron pair3

of N1 to be staggered and the N=X ligand to be eclipsed relative to the CF3

group, However, it N is four coordinated, as in II, the two free valence

electron pairs on N1 and the N-X group should all be staggered with respect

to the CF group. I
3

Assuming hiodered rotation of the CF group, CF N should exhibit 15
3 3 3

fundamental modes of vibration, all active In both the infrared and the Raman

spectra. Of these, 10 belong to species a' and can be either polarized or

depolarized, while 5 belong to species a'' and should be 6epolarized in the

Raman spectrum. An approximate description of th23e 15 fundamental vibra-

IF -:tions is given in Table 2. Eight of them involve nootions of the CF3 group,

RI/RD81-140
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four are duo to the N3 group and three 1Hvolv' the C-N linkage.

Assignments.for the four N3 madcs were wade by comparison with lhe" N 16,1 - 16His
known spectra of the covalent azdes '6 ,17 BrN16 N

Fzde 'N3  , IN 3, 1, IN, 3 C 319 - 2 2 CD3N 21,22 HN 2 3 - 2 7 N 23-27 28 (eTb
CDN3 HN MNand CP .4 (see Table 2).

3 3' 3' 2 3
Of the four -N modes, two are due to ttretching motions, one ?ntlsymwetric

3
and one symmetric. Since the two NN bonds significantly differ in their

bond strength, the higher frequency mode might equally well be described as

mainly a stretching of the N N bond and the lower one as mainly a stretching
2 3

of the N N bond, nowever, due to the linear N structure, both modes should
-' 12 2322

be strongly coupled. Based on iLs high frequency and relative intensity,
the N2N3 s .retch s readi ly iss i;nable to the band at about 2180 cm

The N1N2 stretch should occur in the frequency range between 1090 and 1270 cm

and most l"<ely be of higher Raman intensity than the CF stretching modes,
3 -

SIt is theefore assigned to the Raman band at about 1150 cm . This assignment

agrees well with those reported for CIN3 ,rN 16 and IN 318 for which this mode

" u c;urs at 1144, 1160, and 1176 cm 1 , respectively.

The in plane (a") and out of plane (a'') N3 deformation modes should

occur in the 500-660 cm range (see Table 2). Two polarized Raman bands

were observed In this range at 580 and 514 cm -, respectively, and must be

due to the in Flane N3 deformation and the antisyinmetri.c a' CF3 deformation

',mode. Based on the similarity of the frequencies of the CF3 modes in
29,30 1

C CF3N3 and C3 NO (see Table 2), we prefer to assign the 580 cm- fu-'Ja-

mental to the I'3 a' deforr;:ation and the 514 cm1 one to the CF3 a' deformation

mode. A similar choice exists for the two corresponding a'' modes, for which
-l

two bands at 594 and 556 cm are available for assignment. By comparison

with the related compounds listed in Table 2 and based on intensity arguments,
-I

we prefer to assign 594 cm to ýN (a'')and 556 cm to 5asCF 3 (a''). Spectra

of 15 N substitutd CF N would be required to confirm these assignments.
3 3

The assignment of T.he thrc.e fundamental vibrations involving mainly the

C-N linkage presents no difficulties because they occjr at frequencies out-

side of ,he ranges expected for the CF and N :'wodes. Thus, the C-N stretching

3 3

F- 5
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22
mode obvifously must be assigned to the strenngest Raman band at 859 -Im

and the second strongest Raman band at 179 cm must be due te the CNN angle
22I

deformation. The latter mode was observed2 2 at 245 and 231 cm for CH N and3 3
C0 N , respectively, and the further mass increase of the methyl group In

CF N can account for the observed additional frequency decrease. The C-N
3 3 -1

torsional modes in CH N and CD N have frequencies of 126 and 90 cm
19 3

respectivly Based on the larger mass of the CF3 group, this mode should -•3 -1

show again a frequency decrease for CF3N3 and should occur well below 90 cm .

Due to its low frequency, this mode could not experimentally be observed in

the present study.

Assignments for a CF3 group with hindered rotation ýC symmetry) are

generally difficult, however, several recent thorough studies of the vibra-

tional spectra of CF 3X type compounds, such as CF COX 3 1' 32 and CF 3NO,29,30

have provided valuable informatlo:i and permit assignments for most of

the CF modes,
3

32
As previously pointed out by Redington, the CF modes of molecules of

3'
sy.wnetry C can be related to those of molecules of symmetry C v for which

the assignments are well established. Such a correlation is shown in Table 329.,30CF0 33-37C ý2 38CN,8 F339.

for C N CF Nu 9 CF Or'. CF COOHCF CN,3 CF CCH and CF H Under
SCF3N CF 3 33 3

C symmetry the doubly degenerate e modes of C split into one a' ond one
5 3v

a' component. Although the degree of splitting can significantly vary from

compound to compound, the average of the a'and the a'' frequency is similar

to that of the corresponding degenerate e mode, provided the following

secondary effects which can influence the Frequencies are kept in mind:

(i) The covalency, and thereby the bond strength and fre~uency values, of

the C-F bonds in CF X increases with increasing electronegativity of X, and

(Ii) coupling between certain modes can result In large frequency shifts.

A typical example for (iH) is the symmetric CF3 deformation mode. In CF 3CN

and CF3 CCH, this mode t.trongly couples with the stretching modes of the atoms

located along the Cv axis, This causes their frequencies to sepatare and

significantly lowers the frequency of sym CF (see Table 3).

ERI!RDR1-l 0
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For CF3 N3 , the following CF1, modes can be assigned with reasonable

confidence, The three CF3 stretching modes are expected to occur in the

1150 - 1300 cm region and therefore are assigned to the fundamental vibra-

ti os at about 1168, 1254 and 1284 cm Since the two higher. frequency
-1

bands are definitely polarized in the Raman spectrum, the 1168 cm band must

represent the antisymmetric CF' stretch of species a''. This assignment is
3 31,32,140

in good agreement with previous conclusions, that vas CF (a'') usually
.3

* exhibits the lowest freqcuency value of the three CF stretching modes. Bae,,d

on its higher Raman intensity and a comparison with similar molecules 3 i.32,40

the highest frequency fundameital vibrations is assigned to \ sym Cr3 (a').
-1

Based on analogous arguments, the 730 cm fundamental vibration must be

assigned to the symmetric CF deformation of species a'. Adopting the above
3Li , assignments for the two N3 deformation modes, the antisymmetric CF3 deforma-

tion modes are ascribed to the 556 and 513 cm bands with the Raman polari-

zatlon data unambiguously distinquIshing the a' from the a'' mode. The CF N

assignments also suggest that In Redlngton's 32and Berney's 31previous

studies the assignments of the 6 as CF (a') 6 as CF3 (a'') might need to be

interchanged. Although intensity arguments were cited against such an exchange,

it Is sjpported by Raman polarization dat 3 1' 3 2.

The two modes which in mtst studies could be assigned only with difficul-

ties are the a' and a'' CF rockir;q modes. As can be seen from Table 3, the

corresponding dLgenerate e mode of symmetry C3v occurs at about 460 cm

Therefore, the polarized Raman band, generally observed for CF X compounds
-1

of symmetry C in the range 4C0-430 cm , should represent the a' CF3
rocking mode, Since the a'' CF rocking mode must be depolarized in the

-1
Raman spectrum, the 179 cm fundamental vibration of CF3N3 cannot be

assigned to this mode. The only vibration left for a possible assignment
* -I
to the a'' CF rocking mode is the weak infrered band at 450 cr , unless a

3
coincidence of the symmetric and of the antisymmetric CF3 rocking mode is

*, - - 1

assumed at 403 cm , which would leave no plausible assignment for the 450 cm

band.

A normal cooidinate analysis ,ias not carried out because of the grossly

underdetermined nature of the problepi and the strong coupling experienced by

RI/RD81-140
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r30,36•

us and others 6 for CF3 X type species. Since the force constants and the

resulting potential energy distribut'ons can be varied over a wide rtrmge with

exact reproduction of the observed frequencies, PED based conclusions concern-

ing the identities of certain fundamental vibrations should be treated with the

necessary scepticism,

Numerous overtones and combination bands were observed In the infrared

spectrum at higher sample pressures, Almost all of them could be readily

"assigned (see Tabel I) and confirm the proposed assignments. The only detecta-

ble impurities were possibly traces of C F and CF NO..
2 6 3

19 F NMR Spectrum. The 19F NMR spectrum of CF N was recorded at 27 C in
133

CFCI3 solution. It consisted of a sharp singlet at -57.6 ppm, upti,!ld rrox.,

internal CFCI characteristic for a CF3 group with all three fluorines being
3'

equivalent on a NMR time scale. This is not surprising In view of the rela-

tively low barrier to internal rotation, expected 9'29'37 a molecule,

such as CF N
3 3'

Mass Spectrum. The mass spectrum of CF N is listed In Table 4. It shows a -.33
strong parent Ion at'm/e = Ill and a strong N; fragment, typical for covalent

azides. As expected, the base peak Is due to CF, but surprisingly, the

CF3 N÷ peak at m/e = 83 was extremely weak(less than l1). In contrast to

organic azides which generally show RN+ as base peak. However, the high
+ +

intensity of the N2 and CF2 N peaks indicate that in CF N N elimination is
2 2 3 3 2

also important, but that CF 3N readily loses a fluorine to form the relatively
stable CF2 N radical. 4 1

UV - Spectrum. The uv absorption spectium of gaseous CF3 N3 is shown in Fiqure 2.

The spectrum shows two strong absorptions at 200 and 258 nm, which by analogy
42

to previous assignments for similar covalent azides might be assigned to

the spx '_y.. and 7y - Px* transitions of the azido group, respectively. The
X42

previous suggestions, that the e-grgy difference between these two electronic

transitions in a given XN3 molecule is both a measure for the polarity of the

X-N bond and an indication for a negatively polarized chlorine in CIN 3 , appear

questionable. If these suggestions were correct, the replacement of the three

RI/RD81-1
4O
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hydrogens In CH3 N3 by three fluorines should result in a closer match of the

electronegativities of the methyl and the azido group and hence an Increased

covalency and a larger energy difference between the two electronic transi-

tions. However, this is clearly not the case. The previously postulated
+ 4

Cl-N3 polarization is also incompatible with the well established reaction3

-chemistry of CIN which clearly demonstrates the electro-positive character of
3 14

chlorine in this compound. The principle argument previously presented 4or

the CI-N; polarization ii CIN was the relatively high frequency of the N-Hal
3 3

stretching modes in ClN and BrN It was suggested that these high frequencies
3"are due to partial N-X double bonding, and that this partial double bond charac-

ter can only be explained by the follow;n resonance structure invok~ng a formal

negative charge on the halogen atom IX=N NsNI Obviously, the possibility of

* the more likely resonance structure•t which results also in an XwN

double bond but with a positively polarized halogen was overlooked.

Surmary. Azidotrifluoromethane is a relatively stable compound and some of its

physical properties were determined. The spectroscopic data show that CF N3 3
contains a covalent azido group, similar to those of other covalent azides of

known structure, sucl as CH3N3 or CIN 3. Whether the azido group is linear,

as in CH N or HN or slightly bent, as in CIN is difficult to say on the

basis of the available data.
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Table I. Vlbrational Spectra of cr P3

ýObsd freq, cm1 and Intens ---------- Ass;gnmwnt in pn;nt group CS

infrared (gas) Raman (Iiquic)

3465 w '•1%2 "3466(a')

3436 sh 3 - 3436(a)

3327 w - 3332(a')

3039 w t 5 3041(a )

2755 vw V1 +7 " 2762(a

2567 w 2V2 - 2566(a 1
)

2510 w 2V3 - 2508(a

240 mý V2 
4 Vh - 2434 (a)

2410 sh 1 3 
4
•v - 2404(a )

2354 vw V1 +VIO - 2361(a
1
1

2302 vw 2V1 - 2300(a 
1

'270 vw
2183 s 2182(1.1)P (

2140 m 2137(0.1) v2  .- 2143(a11

2018 mi. 2 *6 ' 2014(al}

1856 vw V2 *7 " 186
4
1a

1798 %'2 *,a - 1797ra)

1713 . 2.5 - 1718(ali

162163 r ;mpur;ty?

1613 1b1

1590 w v5 +v6 - 1589(a 1 or CF 3N0?

"I15 w 46 - 1
4
60(a)

1427 Vf• V3  v 10 - 1432(a 3

1370 -. 1370(0.1) 1s5 48 8 1372(a )

1316 m "6 *U 7  1310(a1)

1284 vs 1280(O.21P V2(a

1255 ms 1253(0.2)p ,43(aI

1223 -w C2 F6 impurity?

1169 vs 1165 sh, dp IIIal,
1 1 5 2 0 , 1 1 49 (0 . 5 ) r, V 4(a I )

1110 sh 1110(0+) C2 F6 impurity or 2V 13 - 1112(a 3?

1034 vw v5  1io - I038(a)

1009 vw

859 Ow, PQR 859(10)p V5(a )

814(0+) ?751 w. PQR 751(0+) V7 4VO 10  759(a

731 m, PQR 730(3.8)p v6 (a )

687 vw 685(0.+) I *Ila "692(a

594 M. 594(0.2)dp v12 (a 
1

)

582 sh 5
8 0(I.1)p vTKY")

557 w 555 sh (a

513 "w, P4R 510(1.7)p -,(& )

450 vw01

.02 w, PQR h03(I.
6

)p .19(a

17(o ai)p rela0t (a heiht.E 0

(a) Uncorrected Raman Intensities representing relative peak height. E-1 0
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Table 4. Mass Spectrum of CF 3N

rm/e Rel. Intensity Assignment
28 90 N

31 68 CF

42 27 N3

45 37 CFN

50 39 CF2

64 52 CF2 N

"69 100 CF3

92 31 CF2 N3

III 79 CF N3
3 3

I
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R~rm Captions

Fi gure_ I. Vibrational Spectra of CF 3N 3'Fr ac s A and B~, infrared sct~

1:4L the gis rccordcd in a 5 cm pathiength ceUccipe. with CsL windows at_

preSSUres of 8 and 255 mm, rcspoctively, The bands marked by a diamond and

an asterisk are believed to be due to an impurity and CF NO, respectively.

Traces C, D, and E, Rnman spectra of the liquid, recorded at -100 C at

two different senoitivities, and with the incident polarization pa-rallel and

perpendicular.

Figue 2.uv -absorptionT sp~ectrumn of gaseous CF N
3 3
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APPENDIX F

A NEW SYNTHESIS OF DIFLUOCRAMINO TRIFLUOROMETHANE

CARL J. SCHACK(

Rocketdyne, a Division of Rockwell International

Canoga Fark, Califor! la 93104

To Professor William T. Miller on his 70th Birthday

AB STRACT

Fluor;nation of az;dotrifluoromethane furnishes difluoramino trifluoro-

methane in a direct, reproducible, and high yield reaction. A maximum rate

of conversion with minimum degradation was obtained at 70-80. Enhancement

of the rate of reaction was realized with added KP as a catalyst.

INTRODUCTION
Srp 

,2 1
Numerous methods have been reported' for the synthesis of 6Ifluoro-

amino trifluoromethane, CF3NF2 , including fluorination of amlnes, rltrlles,

metal cyanides, and metal thiocyanides. Fluorinating agents employed are

NF3 , N2 F4 , transition metal fluorides, and fluorine, Nearly all these

processes suffer from low yields of the desired CF3 Nr2 , poor reproducibi-

7 •litv, and/or the presence of diffi.ultly separable by-products. For example,

many of the methods produce coproduct C F whose S.p. is the sane as that
2 6

4~i Jof CF NF and t ,=us it is very tedious to effect their separation. Ruff has

reported [3) an excellent yield of CF Nr by the reaction shown,

-78O
KSCN + 6F 2 KF + SF6 + CF 3NF2

However, half of the fluorine consumed goes to by-products and Loe small

differe,)ce in the b.p.'s of SF and CF 3NF 140, reqLires chromatographic

purification techniques.

It has now been discovered that a direct, reproduc~ble, high yield

synthesis of CF NF is possible according to:

RI/'RD81-1.6O
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CF N + F' CF NFr + N
3 3 2 3?2 2

Miniýnal side reactions were encoun.tered.

EXPERiMENTAL

Volatile materlals were mantpulated in 3 stainless-steel vacuum line

equipped with Teflon FEP U traps an( 316 stainless-steel bellows sGeal valves
ano a Heise Bourdon-Tube type gauge. Gas chromatographic date were obtained

us'nc a Varian GC under isothermal conditions with a stalnless-steel column

(1/8'' X 10') packed with Poropak PS. rluorine (Air Products) was scrubbed

with N.jF i rmediately before it was used. "rrifluoromethyl azide .,as prepared

by a previou~ly described procedure [4,5]

1: Synthesis of CF3NF2 . A 30 ml stainless-steel Hoke cylinder was loaded with

C- F C33 N3 (1,68 neool) and F2 (6.70 mreol) at -196 C. The CoOling bath was removed

9and as soon as the cylinder was free of frost, It was placed In an oven pre-

"heated to 70°C, After 24 hours the reactor was cooled to -; 9 6c and all volatile

-materlal, consIstIng mainly of the excess F2 and by-product N2 ,was pumped away.

The condensable material (0.69 mmol) was shown by Infrared spectroscopy and

GC analysis at 65°C to be 51% unreacted CF N and 49ý CF NF with a trace of
3 3 3 20

CF . When fluorinated for an additional 24 hour period at 70 C, the yield

of CF3 NF2 was 84% and about 15% CF3 N3 was still recovered. Further fluorina-

tion consured the azide and produced CF3 NF2 (92%), CF4 (6%) and C2 F6 (1-2%).

A similar 70°C fluorination reaction in which the reactor contained 18 mmol

"" of anhydrous KF powder, gave a 68% yield of CF 3NF2 after I day, After 2 days

* this yield had increased to 73% and was accompanied by a 6.4% yield of the

degradation product CF4 .

RESULTS AND DISCUSSION

Az dotrifluoromethane and difluoroamino trifluoromethane are potentially

hazardous and should be ha-dled with caution. The existence of CF3N3 has

been knoan for some time [4], but its chimistry remained unexplored. In

covalent azides, X-N-N-N, the N-N bond adjacent to the X group is longer and

weaker than the other N-N bond [6], In a fluorination reaction this is a

i
FI
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likely fragmentation point and if controllable could be expected to lead to
I X-N-F derivatives, For CP.N this was expected to produce CF3NF It was

3* 3 C 3 F2.found that little or no reaction occurred with F at -- 200. Incresing
2

the temperature, however, 9;ve reproducible a3ounts of CFNF2 Percent
conversions after 24 hours at various tenperatures are shown in Figure I.

7Cr

60

i; •,

. mol% CF NF 4C3 2

20

U -- I

IF 5 60 70 80
ST("C)

Figure 1. Yield % CF NF after 24 hours without (0) and with added KF
3 2

S( ) as a catalyst.

Enhancement of the rate of reaction was realized with added KF, while Csr

at 20°C or higher temperature lead to further fluorination as shown in the
equation.

V CF N + F -w N + CF NF CF + NF3 3 2 2 3 2 4FI 3CsF or •

RI/RD81-!JO
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The maximurm yield of CF3 NF2 observed in both catalyzed and uncatalyzed reactions

for I day was about 70%. After slightly longer reaction times yields are In

the 90-95% range, In addition to the by-products CF4 and NF which are easily

33Sseparated, there was also some C FA formed (.1%) when all the CF NM had reacted. •

Although not a very fast reaction, this synthesis has the advantages of high- --

yield, easy product purification, and reproducibility.
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Abstract

Mixtures of cis- and trans- CslF40 2 were prepared by the interaction

of CslO, with eitner anhydrous HF, BrF5 , CIF3, CIF5 or F The vibrational

spectra of these mixtures were recorded and partial assignments are given for

"cis- anu trans- IF 4 02 . The assignment for trans- IF4 O2  were supported by

a normal coordinate analysis. The CsIF O2 salt dissolves in CH CN with the
4 2 3

formation of IF 4 2 -anions, but undergoes solvolysis in anhydrous HF with
formation of HnIF40. An improved synthesis of HOIF 4 0 from CsIF 4 02 and

BiF 5 in anhydrous HF is reported, and its Raman and 19F NMR spectra were

recorded. The interact'on of CsIF 4 02 with NF4SbF 6 in anhydrous HF results

in solutions containing NF4 ,HF2 , and HOIF40. On standing or when pumped

to dryness, these mixtures decompose to yield NF and the new compound3
FOIF O in high yield. The latter compound, the first known example of an

iodine hypofluorite, was thoroughly characterized and shown by vibrational

and NMR spectroscopy to be a mixture of the cis- and the trans-isomer. For

comparison, the vibrational spectra of IF50 have also been recorded. The '

reaction of CslF02 with CIOSO F was shown to yield the novel compound
4 2 2

CIOIF 0. The fluorination reactions of CsiO4 , Cs0F 4 02 , *IF0 and HCIF40

with elementary fluorine were also studied.

Introduction

The number of elements known to 'orm stable hypoflucrites is very limited.

Thus stable hypofluorites are known only for caeton, nitrogen, sulfur, selenium,1< fluorine,and chlorine containing compounds. In ardition, the unstable hypo-

fluorous acid, HC1F, has been prepared Since recent work in our laboratory

had shown that the thermal decompo,,ition of certain NF L salts of oxyanions,

' R:/RD81-140
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Such as NF 4CI04 and NF4so34, produces the corresDonding hypofluorites in
high yield, it was interesting to apply this method to the synthesis of novel

hypofluorites, Prellmina-y results5 showed that FOIF 4 0, the first known

example of an Iodine hypofluorite, can be prepared in this manner. In this --

paper, detailed information is given on the synthesis, properties and m

reaction chemistry of this interesting compound and of related iodine oxyfluor-

ide derivatives, such as ClOIF04 , HOIF O and the IF40 2  anion.

The literature on the synthesis and properties of salts containing

the IF4.2 anion is scant. The first report on the existence of I4 02

"salts was published in l971 by Engelbrecht -id coworkers,6 but was limited

to a one sentence statement that HOIF 4 0 interacts with either alkali metal
fluorides or trifluoroacetates to yield the corresponding salts. In a

"subsequent paper, this stcýtment was repeated, but again no data we~e given.
8In 1975,Aubke and coworkers reported that CsF combines with an excess of

(F 0 to give Cs IF 0 A melting point, elemental analysis and incomplete
13 2  gv 1 4 2 .

vibrational spectra were given which were incorrectly interpreted In terms

"" of a cis-isomer. In 1976, Selig and Elgad reported 9 that partial hydro-
lysis of IF7 produces IF 0, HOIF 4 0, and, with increased water addition, the

19IF 0. anion which was identified by F NMR and vibrational spectroscopy as

the cis isomer. Although Selig and Elgad reported only solution data, their

vibrational spectra strongly disagreed with those reported by Aubke for solid

Cs IF 4 02 . In 1977, Gillespie and Krasznai published that solutions of

"KIO 4 in IF 5 contain a mixture of 102 F, 10F3 and cis and trans IF 4 0 2. On

cooling solutions of KI0 4 dissolved in boiling IF5 , they isolated a KIF 0.21F
442 5

adduct which can be converted into KIF 4 0 2. Both compounds were shown by
F NMR and Raman spectroscopy to contain in the solid state and in CH 3CN

solution trans IF402 In IF5 solution, however, Ia2 was shown to exist

in a cis-trans equilibrium, with the cis isomer being favored.

The tetrafluoroorthoperiodic acid, HOIF,0, was first prepared by
1i

Engelbrecht and coworkers according to
Ba 3 H4(10 6 ) 2 + I14HS3 F- 2HOCF40 + 8H2S04 + 3Ba"S0 3F)

Since HOIF 4 0 could not be separated from HSO F by distillation, it was4 3

R I/RD 1 -14(
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converted into the more volatile IF 02,

HOIF 0 + So3  IF 3 02 + HSO 3 F

which was distilled off and then reconverted to HOIF40 by HF addition according to
IF 3 02 + HF4" HOIF 0

3 6,2

The acid was characterized by its physIcal constants and mass and

NMR spectra which showed the compound to be a mixture of the cis and the

N trans isorer, with the cis isomer being more abundant. Selig and Elgad

found 9 that solutions of NaIO 4 in anhydrous HF contain HOIF 4 0, as well as

other unidentified fluorine species, and reported the 19F NMR spectra of

both isomers i. HF solution. Gillespie and Krasznai 10 also listed chemical

shifts for cis and trans HOIF40, but did not specify the solvent, and gave a

"coupling constant of 21 Hz for the cis isomer, which disagrees with the values

of about 220 Hz reported by others 6,9,11

Exper imen talI

SCautior: Two explosions were encountered In reactions involving FOIF 4 0.

Most hypofluorites are shock sensitive materials and appropriate precautions

should therefore be taken when working with larger amounts of FOIF 4 0.

Materials. Literature methods were used for the syntheses of NF4 SbF 6 ,F12Is50 3', 4

Y and CIOS0 2F 5F The CsIO4 was prepared by slowly combining with stirring,

I stoichiometric amounts of concentrated aqueous solutions of CsCl and NaIO 4 .
4 40

The mixture was cooled to 0 C, and the CsIO 4 precipitate was filtered off,
washed three times with ice water and dried for 16 hours in an oven at 110C.

Its vibrational spectra showed no detectable impurities. Bismuth penta-

fluoride (Ozark Mahoning Co.) was used as received. The BrF 5 kMatheson) was
:j treated with 35 atm of F, at 2000C for 24 hours and then purified by frac-

tional condensation through traps kept at -64° and -95 0 C,with the material

retained in the latter being used. Hydrogen fluoride (Matheson) was dried

by treatment with 20 atm of F at room temperature, followed by storage over
216

I BiF 5 to remove the last traces of H2 0 The CIF (Matheson) and CIF (Rocketdyne)

"were purified by fractional condensation prior to their use.

RI/RD81-140
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Apparatus. Volatile materials used in this work were handled either In a

iMonel-Teflon FEP, a stainless steel-Teflon FEP or a Teflon PFA vacuum line.

The latter was constructed exclusively from injection molded PFA fittings

and valves (Fluoroware, Inc.). The anhydrous HF was preferentially handled

Sin the PFA or Monel line, whereas the halogen fluorides were handled mainly

in a steel line. All lines were well passivated with CiF 3 and, if HF was to

be used, with HF. Nonvolatile materials were handled in the dry nitrogen

atmosphere of a glove box. Metathetical reactions were carried out in HF

solution using an apparatus consisting of two FEP U-traps interconnected

.. through a coupling containing a porous Teflon filter (see Figure I of ref. 17).

For NMR or low temperature vibrational spectra, the second FEP U-trap, which

t served as a receiver, was replaced by either a 4 mm Teflon FEP or thin-walled

Kel-F tube.

Infrared spectra were recorded in the range 4000-200cm " on a Perkiri-

Elner Model 283 spectrophotometer. Room temperature spectra of solids were

obtained using dry powders pressed between AgCI disks. Spectra of gases

were obtained using a Teflon cell of 5 cm pathlength equipped with AgCl

windows. The spectra of matrix-isolated FOIF 0 and IF 0 were obtained at4 5
6 60K with an Air Products Model DE202S helium refrigerator equipped with Csl

windows. Research grade Ne (Matheson) was used as i matrix material in a

mole ratio of 1000:1. The spectrometer was calibrated by comparison with
18,19

standard gas calibration points', and the reported frequencies are
4 ~+ -believed to be accurate to - 2 cm

The Raman spectra were recorded on a Cary Model 83 spectrophotometer

using the 4880-ý exciting line and a Claassen filter 20 for the elimination

of plasma lines. Sealed quartz, Teflon FEP or Kel-F Tubes were used as

sample containers in the transverse-viewing, transverse-excitation technique.

Polarization measurements were carried out according to method VIII listed
20

by Claassen et al. Lines due to the Teflon or Kel-F sample tubes were

suppressed by the use of a metal mask.

RI/RD81-140
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19
The F NMR spectra were recorded at 84.6 MHz on a Varian Model EM 390

spectrometer equipped with a variable temperature probe. Chemical shifts were

determined relative to external CFCI with positive shifts being downf;eld

from CFCI 31

The mass spectra were recorded with an EAI Quad 300 quadrupole spectre-

meter at an ionization potential of 70 eV.

Preparation of CsIF,3 . In a typical experiment, CSIO4 (31.44 mrol) was

placed in a 3/4 inch o.d. Teflon FEP ampule equipped with a stainless steel

valve, Anhydrous HF (20 mL liquid) was condensed into the ampule anj the

L i mixture was stirred with a magnetic stirring bar for 4 days at ambient temper-

ature. Volatile products were pumped off overnight at ambient temperature
F0

and for 2 additional hours at 50°C. The solid residue (11.402 g, weight

Scalculated for 31.44 rnnol of CsIF 4 02 11.564 g) was shown by Raman spectro-

. -scopy to still contain some unreacted CslO4 . It was treated again, as described

Li above, with fresh anhydrous HF (15 ml liquid). After pumping to dryness, the

Raman spectrum of the solid residue (11.532 g) showed cis- and trans - CsIF4 02

' 2as the principal products and only a trace of unreacted CsI0 4 .

A total of eight preparations were carried out in a similar manner,

using shorter reaction times, slightl.y higher reaction temperatures (-50 0 C),

* and rapid HF removal at elevated temperature. The conversion of CsOO 4

" 4 to CsIF 4 0 2 after the first HF treatment was generally in the range of 75-90%,

and the Raman spectra showed the presence of some unreacted CslO4. This

unreacted CslO4 was readily converted to CsIF 4 02 by repeated treatment with

anhydrous HF, however in most cases, repeated HF treatments resulted in a

slight weight decrease and the appearance of bands due to HF (infrared:
- -l-1

1435 cm , s, br; 1228 cm ms. Raman: complex band at 790-740 cm with
-l)

maximum at 759 cm . This is caused by the solvolysis of CsIF 4 0 2 in anhydrous

"HF and the volatility of the resulting HOIF 4 0 (see below). The ratio between

the cis- and the trans- isomer of CsIF402 varied somewhat for the different

preparations, with the trans isomer being slightly favored at the lower and

the cis isomer being somewhat favored at the higher reaction temperatures.

RI/RD81-140
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Tre Cs10 8 rF ys , Cesium periodate (2,453 mmol) was placed in a

pass ivated sapphire reactor equipped with a stainless steel valve and a

magnetic stirrihg bar. Bromine pentafluorlde (14.99 mmol) was added at -19606, --

and the mixture was allowed to react during warm up to room temperature. A

fast reaction with gas evolution occurred which was moderated by intermittent

cooling with liquid N After completion of the warm up cycles, the mixture
20

"was stirred at 20 C for 24 hours, resulting in a clear, pale yellow Solutlon.

The Raman spectrum of this solution showed the presence of BrF BrF 0, and

of IF402 (mainly trans w ith a small amount of cis-iso-er). The so uiton was

kept at 22°C for 4 days, then cooled to -l96°C. The materials, volatile at

•-166Oc, consisted of 1.92 mmol of oxygen. The materials volatile at 220 C

were separated by fractional condensation and identified by Raman spectroscopy.

* They consisted of unreacted BrF5 (9.9 retol) and a mixture of BrF3 and BrF3 0

(found 682 mg, calcd. for 3.84 mmol Br3 + 1.06 mmol BrF 0 = 688 mg). The
3 3

solid residue (804 mg, weight calcd for 2.453 mmol of CslF 4 02 = 787 mg) was

shown by Raman spectroscopy to consist mainly of trans CsIF 4O2 , CsBrF 4 and

smaller amounts of cis CslF4 02 , and possibly some solvated BrF 0. Vacuum
4 2' 3

pyrolysis at 90°C resulted in a solid residue consisting again of trans

CsIF 4 02 , CsBrF4 and a small amount of cis CsIF 4 02 and in the evolution of

some IF (-8 weight %).
5

The CslO,4-CIF 3 System. A well passivated (with CIF 3) sapphire tube
S4 equipped wiht a stainless steel valve and containing a Teflon coated stirring

bar was loaded with Cs004 (1.14 mmol),followed by ClF 3 (10.6 mmol). The

liquid ClF and solid periodate were stirred magnetically overnight at 3-20°C.
3

This resulted in a clear, very pale yellow solution. Upon removal of the

volatile material and pumping for several hours at ambient temperature, a

v;white powder (0.493 9) remained in the tube which was identified by vibra-

- -, tional spectroscopy as a mixture of CsF'31F 5 and CsCIF 4 (weight calculated

for the conversion of 1.14 mco of CsIO4 to 0.38 mmol CsF.31F and 0.76 mmol

CsClF 4 was 0.497 g). The volatile materials consisted of CIF, FCIO2, and K
unreacted CIF 3 .

R GIRD1-6I N
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The CsI0 4 "CIF System. When CsIO 4 was allowed to interact with a large

excess of CIF in a stainless steel reactor at room temperature, the composi-

tion of the solid reaction product depended on the reaction time. After

short reaction times (about several hours) the solid consisted, based on its

weight change and Raman spectra, mainly of unreacted CslO4 and smaller amounts

of trans CsiF 4 02 . After longer reaction times (in excess of I month), the

solid consisted mainly of CsIF 8 and trans CsIF 4 02 and some CsI•40

The CsIO -F 2 System. The fluorination of CsIO 4 with elemental fluorine in a

!' static system at temperatures up to 60°C resulted in a solid product which,

based on its vibrational spectra, was a mixture of mainly CsIF 8 , CslF6' and

CslO4 containing ;maller amounts of CsiF4 O and cis and trans CsiF4O2

Synthesis of HOIF40. In a typical experimet, CsIF40 2 (2.0 mmol) and BI5

(2.0 mmol) were placed in a passivated Teflon rEP U-trap ontaining a magnetic

stirring bar, One arm of the trap was closed Lff by the stainles -teel valve,

while the other one was connected through a porous Teflon filter to a ,econd

Teflon U-trap which was capped off by another valve. Anhydrous HF (5rL liquid)

was condensed into the U-trap, and the CsIF 4 02 , iBi59 HF mixture was stirred

at 250 C for I hour. The double U-trap assembly was cooled to -780 C, inverted

and the HOIF 4 0 containing HF solution was separated from the CsBiF, preci-

pitate by pressure filtration. The HF solvent was pumped off at - 4 5 and -13°0.

The residue was allowed to warm to ambient temtjerature and the material voia-

tile at 25 0 C was collected at -78 0 C in a 4 mm o.d. external Teflon U-trap.

This trap was shown to contain HOIF 4 0 (_2 mmol) which was identified by its

Raman and 19 F NMR spectra. The filter cake (0.9 g) was identified by its

Raman spectrum as CsBiF6.

Synthesis of FOIF 0. In a typical experiment, CsIF 0 (5.0 mmol) and NF SbF

(5.0 mmol) were placed in the Teflon-rEP metathesis apparatus (see above) and

anhydrous HF (5 mL liquid) was condensed in at -78 0 C. The mixture was stirred

for I hour at room temperature. The apparatus was cooled to -78 0 C, inverted

and the white precipitate was separated from the solution by pressure f iltra-

tion. Most of the HF solvent was pumped off over several hours at tempera-

tures ranging from -64 to -300C. The resulting white solid residue w; liowed

to decompose during clo warm-up from -30°C to ambient. The volatile pr Jucts

0-7
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were passed through a Teflon '-trap containing passivated NaF pellets, followed

by a series of cold traps kept at -78, -95, -112 and -210 C. The -78 0 C trap L

contained a small amount of unidentified materipl which was discarded, the

"-95°C fraction consisted of pure FOIF40 (2.36 retnol), the -112 0 C trap had1,69 nrol of FOIF 4O containing a small amount of IFs0 as impurity, and the
169e I of FO I-F4°0 trap con sisted oa N I40 .As amount ofIF0asimpurityandthe

contents of the -210 0C trap consisted of NF (4.C0 mmofl). A small amount of
3

white solid residue, which was left behind after the thermal decomposition

of the filtrate, was shown by vibrational spectroscopy to consist mainly of

"trans- CslF O2 . The filter cake (1.8 g) was identified by Raman spectroscopy

as CsSbF . The -95°C fraction was used for the characterization of FO!F 46 1
and w-ts shown by vibratonal and F NMR analysis to be free of IF 3.

For the elemental analysis, 278.7 mg of the material was condensed at

-196°C into an ampule containing 12 mL of frozen IN NaOH. The mixture was

warmed to ambient temperature for 12 hours and then analyzed for total iodine

by energy dispersive X-ray fluorescence spectrometry, for 10 4 by iodometric

titration, for base consumption by back titration with OIN HCl using a

pH electrode and for fluoride by titration using La(NO3)3 and an Orion

specific ion electrode. Anal. Calcd for F01F 40: I, 49.98; F, 37.42; OH

consumed, 6.0 equiv/mol; iodometric titration, 8.0 equiv/mol, assuming the

following hydrolysis reaction: FOIF 4 0 *6 OH%-IO4 + 5+ 0.50 2 (g) + 3H2 0.

Fojnd; I, 50.0; F, 36.0; OH consumed, 6.1 equiv/mol; iodometric titration,

7.3 equiv/mol.

Synthesis of CIOIF 0. A 30 mL stainless steel cylinder was loaded with 2.32

mn-,ol CsIF 4 02 , and 2.12 mmol CISO 3F was added at -196 C. After keeping the

cylinder for 5 days at -78 0 C, the volatile products were removed from the

cyiinder. The solid residue was identified by vibrational spectroscopy as

CsSO 3F. The volatiles were fractionated through traps cooied to -45, -78,

and -196 C. The lowest temperature fraction (0.77 mrol) was mainly Cl2

together with some FC0C while the -45°C trap contained a white solid which
2'

melted above O°C and which was identified by its infrared spectra as IF5*
The -780C trap contained a yellow-orange solid, which or slight warming
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melted to an orange liquid. Its gas phase infrared spectrum was recorded at
0~-1I

25°C and showed the following bands (cm , rel. intens., assignment): 912 in,

IaO stretch; 763 mw, O-Cl stretch; 678 vs, 635 s, 532 nu IF and I-0 stretching.

The compound was found to be thermally unstable an.d very difficult to handle.

It readily decomposed to IF 5 and its synthesis required careful temperature

Scortrol. When the synthesis was carried out for example at -450C, only

decomposition products were obtained. Attempts to isolate fluorocarbon

derivatives of CIOIF 4 0 by adding it across the CwC double bond of C2 F4

resulted at -78oC in no reaction and at room temperature in the oxygenation,

fluorination and cecomposition products COF 2 , CF3 COF, CICF2 COF, C2 F Cl, and

IF
5.

Results and Discussion

Synthesis of CsI0 2fO . In our work the known 9 equilibrium

0 4 + 4HF I I 4 2  + 2H20

22•'; was utilized for a convenient synthesis of CslF,O2 . To shift this

equilibrium to the right, a large excess of HF must be used and the HF

treatment must be repeated at least once. The resulting CsIF 4 0, consists

of a mixture of the cis and the trans isomer, as shown by F NMR and vibra-

tional spectroscopy (see below). The ratio of cis to trans isomer varies

"somewhat with the reaction conditions used, but the formation of the cis

isomer appears to be slightly favored. The 19F NMR and Rarian spectra were

recorded for solutions of CsiF 4 02 in anhydrous HF and CH 3CN. Whereas the

CH CN solution spectra show the presence of the IF 4 02 anion, the spectra of
342

the HF solutions are characteristic (see below) for those of HOIF 4 0. This

finding is in excellent agreement with the previous report by Selig and Elgad•

that solutions of NaIO 4 in anhydrous HF contain HOIF 4 0 and the report by

Engelbrecht and co-workers 6,7 that HOIF 4 0 interacts with alkali metal fluor-

ides to form IF 4 02  salts. Consequently, the above equilibrium reaction in-

volves at least two reactions104 + 6HF +HF

10 - H 'H HC IF 0 + H F + 2H- 0
-HF 4 2 2

and upon HF and H 20 removal

RI/RD81-140
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-HF
HOIP 4 O + CsHF 2 $ Cs1l402 + 2HF

S÷+HF
The intermediate formation and the slight volatility of HOIF 4 0 also explain

why in some of our CslF 4O2 preparations, when the HF was rapidly pumped

off at elevated temperature, a weight loss accompanied by some CsHFP

formation was observed.

The above synthesis of CsIF402 from CslO4 and HF appears more convwnient

than the prev;ojsly reported methods involving either the difficult to c)taln

IF3C2 as a starting material or the isolation and recrystallization of

mIF420 12'2F from IF followed by its pyrolysis. However, the latter method

- ; prcduces almost exclusively the trans isomer and might be the preferred

method if pure trans IF 4 02  Is desired. rhe fact that the cis-trans isomer

ratio strongly depends on Lhe nature of the reactants suggests that this ratio

is kinetically and not thermodynamically controlled, This conclusion is in

excellent agreement with those reached by Toetsch nd Sladky for the closely

related TeF 4 (OH) 2 system. 21a

An altern'ite method for the formation of :siF40 2 involves the reaction
of CslO with BrfP. The main reaction ýar be described by

4

Cs 04 + 2BrF 5 4 CsIP 4 0 2 + 2BrF 3 0

This reectior is analogous to that previously reported for KI0 + IF., i.e.

KIC + 21F5 A K1 VO2 + 21F30

anc produc.• almci' entirely the trans isomer. Compared to the IF5 reaction,

the BrF reaction of'ers the advantage that the BrF 30 and BrF3 by-products

are volat'le and can easily be pumped off. However, the resulting product

was contaminated by nonvolatile CsBrF4 which could not be readily separated

from the CsIF 0
42'

The re-rtions of CsI04 with chlorine fluorides were also brief!,/

studied. With C F5 t rans CslI O2 was formed in low coiversion according to:

CslO FC -0. CsIF 4 0 2 + F 2

Attempts to achieve higher conversions by 'he ,sc of longer ,eaction t;mes

failed due to the formation of CsIFO as the main product and of CsIF,0 as

a m, nor product.

,t/'R8-.40
g-iD iJ



When ClF was replaced by the more reactive C,F 3 , com-plete conversion
of the CsiO 4 was obtained, however all the oxygens in 104 were exchanged for

fluorine and the solid product consisted of a mixture cf CsI6'21F 5 22 and

CsCIF42 3 . Based on the observed material balance, the following reaction

occurred:
3CslO4 ÷ llCiF3 + 6FCIO2 + 3CIF + 2CsClF4 + CslF6'21F5

The formation of C~r and of ýalf of the FClO2 can be readily explained by
24 22

"the well known disproportlonation of the expected unstable FCIO inter-

mediate:

2FCIO - FCIO2 + CIF

1 The fluorination of CsIO 4 by elemental fluorine at temperatures up to

60 0 C in a static system was also studied. The maýn products were CsIF8

and CslF with CsIF 0 and cis and trans CsIF 4 02 as minor products.

In view of the fact that the fluorination reactions of CslO4 with

CIF,, BrF5 , CIF or F2 do not result In pure compounds they are less
; .'.,attractive synthetic rethods for the preparation of CslF O0

Vibrational Spectra of CsIFO 2. The vibrational spectra of solid CsIF 4O2

were recorded for samples which differed in their cis and trans isomer

content. The observed spectra are given in Figures I and 2 and t-e observed

frequencies and their assignments in point group D and C2v

0

FF
L F

D 4h, trans C2v cis

are summarized in Tables I and II, respectively. The bands belonging to

the trans isomer could be readily distinguished from those of the cis isomer

due to the fact that only the trans isomer has a certer of sy'-inetry.which

r.auses the infrared and Raman nands to be mutual1v exclusive. uurthermore.

RI/RD81-140
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Sthe F NMR spectrurm (see below) clearly distingulshed the trans from tne

c i s isomer and established which isomer was more abundant in a given sample.

Ass ýinments and Normal Coordinate Analysis f rtrans IFIO . The trans

IF 0 anion of symnetry Db, should possess II fundamental modes classified as

2A +2A 2  +B 8  + 1, + E + 3E . Of these.the A 1 , ,B, B andE
)al + Alg 29 -L g 1u 1 B2g

7modes should be Raman active only, the A2  and E modes should be infrared
2U U

"active only, whereas the B mode should be inactive In both spectra. Of
2u

the 10 active modes, all five Raman active modes and three out of the five

infrared active nodes have been observed and can be readily assigned based

or,. their activity, polarization data and by comparison with the closely

25 -ý6 2,Z814,29related species I F 251FO I 526 ' 1F and IF50 (see Table I). The
correctness of these assignments was confirmed by a normal coordinate analysis,
using the symmetry coordinates and G matrix elements previously published3 by

Beattie and coworkers. The bond distances were estirrated to b.. r 2 1.92 • F

and d 1.72 2, based on the known structures and stretching frequencies of

the related IF 014,29,31 and IF527,2 8 ,32 molecules and the IF0" anIon. 26,33

The force constants of the B2g, B4 and E species are uniquely determined.
Ig 2g 9

In the A block, the G02 element Is zero and therefore F12 can be ignored.

For the A block, the extremal solution, 34 Min, was used which has

previously been shown25 for the closely related IF4 an'on to be an excellent
4

appro'ximrat ion to a gener&' valence force field for these weakly coupled systems.

For the E block, only the frequency value of the stretching mode is experi-Su
mentally known. A comparison with the force field of the related IF anion2 5

showed that, due to the heavy iodine central atom, the approximation F.0

X /G9 yields an almost exact value for the stretching force constant in the

Eu block, and was therefore used for IF 0 The 7esulting forLe field is
u 4 2

listed in Table III and strongly supports our assignments, Table IV gives

a comparison of the internal stretching force constants of trans IF4 02 0
25 _25 35 2 +

with those of the closely related species IF , IF 40 , IF5, IF 50 and IF .
37 ' 4 5 5

As previously discussed for chlorine oxyfluorides, the IFstretching !

force constants increase in the sequence anions < neutral molecules < cations,

and within a given group with increasing oxidation state of the iodine

iLi

-. - - A- ,= . .•. -
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central atom. The 10 stretching force constants are in the range exoected
for I t 0 double bonds and demonstrate that, even in the anions, the formal

negative charge is located mainly on the more electronegative fluorine

ligands rather than on the oxygen lIgand. Consequently, contributions from

resonance structures, such as I and II,

0Q
•i T il F F ~ l F-

Q00
are more irrportant than those from III and IV

"00
<r .F - KLIW

to explain thŽ%onding in IF4 0 2 Resonance structures, such as I and II,
also account for the decrease of the IF stretching force constants with

L increasing formal negative charges and also with decreasing oxidation state

L ';of the central atom. Both effects increase the i - F polarity of the IF

bonds, hereby causing the bonds to become more ionic, longer and therefore

weaker. This weakening of the IF bonds can be very significant as is

demonstrated by the low value of fr in IF4 which is only 41% of that in
+

IF6 . The fact that the 10 stretching force constant drops from IF140 (6.56

r-,dyn/2) towards I F (6.i15 dyn/X ), in spite of an increase in the

oxidation state of the iodine atom, is interesting and parallels the trends
previously noted 37for chlorine oxyfluorides, i.e., the electron reieas-

ing effect of oxygen ligands in highly electronegative compounds.

Assignments for cis IF,00- Our assignments for cis IF4 02  have been

limited to the stretching modes because only 10 of the 15 fundamentals,

expected for point group C2v nave been observed and because no reliable

assignments have been published for similar X-0 2 species. The assignment

RI/RD81-140
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of the two 102 stretching modes is straight forward based on their high

frequencies, relative intensities and the previously published80 spectra.

The syermetric IF2 axial and the symmetric IF 2 equatorial stretch must
2 -1

belong to the two intense polarized Raman bands at 5 40 and 609 cm

respectively, with the axial mode resulting In a weak and the equatorial

mod de resulting in a strong infrared counterpart. The antisymmetric axial

and the antisymmetric equatorial IF stretch should both be very intense
2

in the infrared spectrum and therefore are assured to coincide at about

600 cm , resulting in a very strong, broad band,

Co:roar'son with Previous IF 2  Assignments. Disregarding some solvent

induced shifts, the above assignments for cis IF 0 agree well with those

[ .~previously reported 9 by Selig and Elgad for an aqueous solution. The only

,minor discrepancy is the assignment of the antlsymmetr~c axial IF2 stretch.

For trans IF042 , the assignments proposed by Gillespie and Krasznai for

six of the modes have been revised for three of them. The vibrational

spectra reported by Carter et al, show that their sample coitained mainly

r trans IF 402 0 but was incorrectly interpreted in terms of the cis Isomer.j4 2

LiF NMR Spectra of IF 10 2. and HOIFO. The presence and the relative amounts

of cis and of trans IF 4 02 ir the above samples were verified by 1 9F NMR

spectroscopy. The spectra were recorded in CH 3N solution at -70 C and
3

showed a narrow 5inglet at 1 65. 1 for the trans isomer and a broader A 2
2 2

pattern at ý 66.0 and 112.8 with JFF = 204 Hz for the cis isor~er. The

observed shifts and coupling constant are in fair agreement with the value

previously reported for solbtiors in CH CN (trans: - 62.0),10 IF5 (cis:

68.5, 102.1; J 202 Hz. trans: c 70.6),10 and aqueous HF -cis: ' 64, 105;

- FF = 196 Hz).0

Solutions of CsIF4 02 in arhydrous HF at -75 C resulted in a sharp

singlet at • 6 2.0 and a broadened K2B 2 pattern at ;6i. 8 and 85.9 with

J FF = 220 Hz. At room temperature, the A 2B2 pattern was broadened to the

extent that it could barely :e detected. Although these spectra are

LRI/RD81-140
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*simillar to those of IFI 02 it *was conclusively shown (see below) by Raman

spectroscopy that they are due to cis and trans HOIF 4 0 and not to IF 40 2

This finding is in excellent agreement with the conclusion reached by

Selig and Elgad that their signals (1) and (2) observed for solutions of

N NalO In HP are due to cis and trans HOIF 4 0. The observed chemical shifts

and coupling constant are in fair agreement with previous reports 6 ' 7 '•'i 0

considering the different solvents and co.nditions used for recording the

spectra. The coupling constant of 21 Hz, previously reported by Gillespie
10and Krasznai,, appears to be a typographical error,

SS~ynhesis and Properties of HOIFI.. The above described experiments in-
volving ýslF 02 in HF solutions indicate the existence of the following

E •iequilibrium +HF
+H+

CsIF 4 02 + 2HF " CsH 2 + HOIF 40
-HF

which, In the presence of a large excess of HF, is thifted all the way to

the right side. In view of the lack of a convenient synthesis of HOIF 0,6,7

this reaction was utilized to prepare HOIF 4 0. Since during HF removali4

the above equilibrium is shifted back to the left, the CsHF2 was converted

into an insoluble BiF6  salt according to
CSHF2 + liF5 CsBiF 6±

which can be filtered off at -78°C. The resulting mixture of HOIF 4 0 and

HF can be easily separated by fractional condensation or distillation.
19 0I

The 19F NMR spectrum of HOIF 40 in HF solution was recorded at -75°C

and was identical to that obtained by dissolving CsIF 402 in HF (see above).

The ratio of cis to trans isomer in the HOIF 40 sample appeared to be

similar to that in the CsIF 4 0 starting material. It should be pointed out

that at room temperature the signal due to the cis isomer can be so broad

that it is difficult to detect,thereby giving the false impression of

dealing with samples containing exclusively the trans isomer.

The Raman spectra of liquid HOIF4F0 showed some variatIon. Freshly

prepared samples and HF solutions exhibited spectra similar to that of

RI/RDG1-140
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trace A of Figure 3. On standing, the 872 cm band decreased in intensity

and bands at 828 and 799 cm started to grow in. In addition the bands in
-I

the 600-700 cm region became broader and shifted to slightly lower fre-

quencles, as shown by trace B of Figure 3. Based on its 19F NMR speetrum,

a sample of H01F 4 0 in HF solution which showed a Raman spectrum very similar

to that of trace A of Figure 3 consisted mainly of the cis isomer. Whether

the change from Raman spectrum A to spectrum B involves a change in the isomer

ratio or is caused by association effects was not clearly established.

Synthesis of FOIF O. Previous studies have shown that unstable NF salts
4-3 -44

containing oxyanions, such as CI0, or SO F4, can be prepared by t

in anhydrous HF solution according to:
HF

"NF4 SbF 6 + CsXO 4 - CsSbF 6 4 + NF 4XO 4

Thermal decompcsition of these NF+ salts provided a new high yield synthetic
S3,4

* route to hypofluorites., Since no examples of iodine hypofluorites had

previously been known, it was interesting to examine the applicablility

of this method to periodates.

Since the 10 anion is fluorinated to IF 0 in anhydrous HF, as
04 is 2

shown by the above studies and the previous report by Selig and Elgad,

the metathetical reaction of 04 itself could not be studied. However,

when I0 was replaced by IF 0 , the following metathetical reaction

occurred:
HF

NF4 SbF 6 + CsIF4 O2 . CsSbF 6 4 + HOIF 4 0 + NF2HF4 678oC

The CsSbF precipitate could be easily filtered off at -78°C and Raman and
19 6 438

F NMR spectroscopy of the filtrate showed the presence of NF4 and

HOIF 40 (see above) with no evidence for the IF 02  anion. This is in agree-

ment with the above results for CsIF40 which demonstrated that MIF 0

salts undergo solvolysis in anhydrous HF according to:

MIF 02 + 2HF -• F2 + ý -F 0
42 2 F0 -

Raman and NF NMR spectra showed that these NF4 HFf H0IFtO containinc HF

SG-16
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solutions are unstable at room temperature and slowly decompose to NF 39,40
3

and a new compound Identified (see below) as a mixture of cis and trans

FOIF 0. At the same time, the relative Intensities of the NF+ and HOtI 4 0

signals decreased accordingly, When the HF solvent was pumped off at -30 C

from a freshly prepared NF'4 HF2 -HOIF 40 solution, a white solid residue was

obtained, The low-temperature Raman spectrum of thi4 solid showed the

oresence of the NF cation, but the remaining bands were t;j broaU to permit

a positive dist~nction between IF 4 02  HOIF 4 0 and possibly scme HF2 *nHF.

The new compound FOIF 4 0 was obtained in high yield hy decomposing at room

temperature this thermally unstable solid, with the by-product being NFq3,

Since the same products were obtained from. HF solutions -,hicn, based on

their 19F NMR and Raman spectra, contained only HOIFJh0 but not lI A02-, it
{ . +

Sappears that FOIF 40 Is formed by fluorination of HOIF 0 by either NF4 or
4 ~44

nascent fluorine formed during the thermal decomposition of the marginally
+ 3

stable NF4 HF .nHF. Consequently, it was interesting to investigate4 2
whether FOIF 4 0 could also be obtained by the fluorination of HOIF O with

* elementary fluorine. However, fluorination reactions carried out at 25°C

* using either neat or HF solutions of HOIF 4 0, 2 atm of F2 pressure and a

shaker for agitation, did not result in any fluorination of HOIF0 and only

unchanged starting materials were recovered.

Since the fluorination reactions of alkali metal salts, such as[ CsSFs0, CsCF 3 0, CsClO4 , or KNC 3 with elementary fluorine yield the corres-

4' ponding hypofluorites, it was interesting to study the analogous fluori-

nation reaction of CsIF4 O2 . In static systems up to 60°C slow reactions

between CsIF 0 and F were observed producing IF 0 in low yield as the only~42 2 5
volatile product. Since IFs0 is the primary decomposition product of FOIF 4 0

(see below) the intermediate formation of some FOIF 4 0 in this reactionI4
cannot be ruled out. Sikilarly, the fluorination of CslO4 with F2 under

comparable conditions produced small amounts of IF 0 as the only volatile
product, The Raman spectra of the solid residues from both reaction systems

Cs41 2 22.26
showed the presence of CslF, Cs622 cis and trans CslF O, and CsIF 0.

The low reactivity of the I C C double bond in IFs0 was further demonstrated

by separate experiments showing that F, is not added across tne I = 0

SRI/RD81-140
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double bond, even in the presence of CsF as a catalyst, at temperatures between

-196 and 250 C using an excess of F2 .

Properties_ f FOI%0. As shown by NMR and vibrational spectroscopy (see

below), IO1F,0 exists in the form of two Isomers, one in which the two

oxygens are cis ana one in which they are tranis to each other. Attempts

were unsuccessful to separate the two isomers by gas Chromatography at

250 using a 30 foot, 3/16 inch o.d., stainless steel column containing

.50-percent Halocarbon oil No. 4-11V on Kel-F 300 (70-80 mesh). 42 Conse-

quently, the physical properties could only be determined for a mixture

of both isoriers. Based or their 19F NMR peak areas, the ratio of cis to

trans isomer in the sample used for the physical property nmasurements was

1.92:1. FO1 40 is colorless as a gas, pale yellow as a liqUld, and white In

the solid state. The given sample melted at -33.1 0C. Vapor pressures were

fitted by the method of least squares to the equation

log P(mr) 7.62925 - 1432.0/T(°K)

Swith an index of correlation of 0,99991. The extrapolated boiling point

is 28.37°C. Measured vapor pressures at the noted temperatures are

[T(°C),P(mm)]: -45.3, 22; -33.1, 47; -23.0, 80;-13.7, 129; o, 244. The

latent heat of vaporization of F0lF 0 is 6.55 kcal/mol and the derived
Trouton constant is 21.73, indicating little association in the liquid phase,

This is in agreement with the relatively I co' boiling point and the small

changes between the vibrational spectra of the gas and the liquid (see below).

4 The molecular weight was determined from the vapor density and found to be

254.5 1ralcd for FOIF O, 253.9). The good agreement indicates little or no 1
association in the gas phase at the pressure used (P- latn).

FO1F4 0 is marginally stable at room temperature and can be handled in

well passivated metal and Teflon equipment without rapid decomposition. The

fact that IFsO was frequently observed as an impurity in the vibrational and L
"NMR spectra suggests the foalowing primary decomposition node

FOIFOC - F50 + ½ 02

when a sample of FOIF O has heated in a stainless steel cylinder to 120 C

I4
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for 388 hours decomposition to IF5 and 02 was observed. This Is not surprising
13in view of a previous report that IF 0 readily decomposed to IF and 05 25

As expected for a hexacoordinated iodine species, FOIF40 is neither a good

fluoride ion acceptor nor a donor. Thus, it does not form stable adducts

at room temperature with either the strong Lewis acid SbF or the strong

Lewis base CsF. Attempts to add F01F 0 across the C-C double bond in C F
4~2 4

were unsuccessful. Fluorination and oxygenation of C2F4 occurred with

COF 2 , CF3 CFO and C2 F6 being the principal reaction products.

19 1
F NMR Spectra of FOIFO. The 19F NMR spectra of FOIF 4 0 were recorded

for the neat material and HF solutions and were essentially identical. The

spectra of the neat liquid and solid are shown in Figure 4, together with tne

observed chemical shifts and coupling constants. Peak area measurements

showed that the 202 and 67 ppm signals belong to an AX4 and the 176, 175 and[ 77 ppm signals to an A2 BCX system. The AX4 system is readily assigned to the

trans isomer

FXFF 11
, 0

The chemical shift of 66.8 ppm of the four equatorial fluorines is almost

identical to that in IF 5 0 (68.5 ppm for neat IF50 at -20 0 C) and that of

202.5 ppm of the fluorine on oxygen is similar to those of other hypo-•• ~fluorites, such as 03CI0F (219 ppm)'3 SFsOF (189 ppm) ,44 or trars-Se,(,,

-(179 ppm), The fluorine-fluorine coupling constant, JFF 34 Hz, is iH good

agreement with the value of 27 Hz, previously reported for the coupling

constant of the four equatorial fluorines to the two hypofluorite fluorires

in trans -SeF 4(OF) 2 5The broadened fluorine on iodine resonance and the

lack of observable fine structure in FOIF 4 0 is attributed to unresolved IF

coupling (11=5/2) due to decreased quadrupole relaxation caused by the

approximately spherically symmetric electric field about the iodine. 6

The A 2BCX system is assigned to the cis-isomer

FA

FBC J

FA

RI/RDS1-140
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and also shows an unresolved IF signal (at about 77 ppm) and a resolved

hypofluorite signal (at about 202 ppmr) which exhibits a pronounced tempera-

ture dependence. At 400C, the OF signal approximates a first order doublet

(J=88Hz) of triplets (J=14Hz), Since coupling should be stronger to the cis44
fluorines than to the trans fluorine, this spectrum could then be inter-

preted as being due to the cis isomer with free rotation around the 1-0 single

* bond and J AX 88Hz, 14Hz and J being too small to be resolved, On

cooling, the line width '-comes smraller and the CX coupling becomes observa-

, ble. As can be seen from Figure 4, the spectrum exhibits pronounced second

order effects and a coirouter aided analysis will be required to obtain precise

coupling constants. The fact that the unresolved fluorine on iodine signal f
has a significantly larger line width for the cis than for the trans isomer

is not surprising because the cis isomer possesses three similar but never-

theless nonequivalent types of fluorine on iodine.

¶ •Vibrational Spectra of rOIFi0 and IF0. The infrared spectra of the gas and P
of the Neon matrix isolated solid and the Raman spectra of liquid and solid

rOIF 40 were recorded (see Figures 5 to 7), and the observed frequencies are P

summarized in Table V. The studied samples were mixtures of cis and trans

. FOIF 4 0 with a cis:trans ratio of about 1.9 based on the NMR spectra and, in

the matrix study, also contained a small amount of IF 0, formed during mani-

pulation of thie sample. Since the vibrational spectra of cis and trans

* FOIF 0 and of IF ' are all very similar, the gas phase infrared spectra
45

are only of limited value for distinguishing the three compounds. However,

the Raman spectra of the liquid and solid and particularly the infrared

spectra of the matrix isolated samples definitely confirm the presence of

the two FOIF isomers established by the 19F NMR study. Some distinction

of tne cis from the trans isomer bands was possible from a comparison of

spectra of samples having different cis to trans ratios (see for example

traces D anc E of Figure 5).

Tentative assignments for the stretching modes of cis and trans FOIF 0

are given in Table V and were made by comparison int- those establ ished "or

IF5o14,29 and IF402- (see above). re lying mainly on the ooserved relative

infrared and Raman intensities.

RIRD81-140
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The vibrational spectra observed for IF 0 are in excellent agreement with5
those previously reported, 4'2 except for the fact that our spectra do not

show a strong infrared band at 640 cm . As previously suggested,29 this

band is due to IF 5 , the principal decowposition product of IF 0.5.

Mass S-ectra, The recording of the mass spectrum of F01F40 presented diffi-

culties due to reaction of the compound with the inlet system, resulting in

the formation of some IF 0. Furt, I2 has almost the same tmass (253.8)52
as the parent FOIF 4 0 1253.9), thus mr,kihy a distinction of the two molecules

difficult. These problems were ovr,-me by recording the spectra of pure IF5 0

under the same conditions and subtracting the IF50 pattern from that of the

" -FOiF0 containing sample. The interference from I2 as eliminated by recording

spectra of 1:1 mixtures of Clf 3 and FOIF 4 0. The CI 3 oxidized 12 rapidly to

iodine fluorides, but did not appear to interact with FOIF 4 0. The mass crack-

ing pattern obtained in this manner for FOiF 4 0 is listed in Table VI and
SI 46
S-agrees with the expectations for a hypofluorite. The I-OF single bond is

+
readily broken to yield an intense IF40 fragment which can undergo addi-

tional oxygen and/or fluorine loss.

Synthesis of CIOIFO. Since FOIF 0 was found to be stable, the synthesis
-�4

of the analogous hypochlorite, CIOIF 4 O appeared feasible. Using CsIF 4 02 and

CIOSO 2 F, a generally useful reagent for the syntheses of hypochlorites, 47

the synthesis of ClOIF 4 was accomplished according to:I - CsIF 4 02 + COSO F_ EsSO 3F + CIOIF 40

The resulting ClOIF 4 0 appears to be highly reactive, difficult to handle

and thermally unstable. Consequently, the compound could not be well charac-

terized, The main evidence for its existence is the infrared spectrum of

the gas which exhibits a spectrum similar to that of FOIF 4 0, but with the 0-F

stretch being replaced by a band at 763cm" , characteristic 6f an O-Cl
47

stretch, and with the 1=0. IF, and 1-0 stretching modes being shifted to

slightly lower frequencies. The compound decomposes to IF, and attempts

to add it across the CwC double bond of C2 F4 did not result in stable adducts.

RI'RD81-140
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Conclusion: Although the isolation of NF salts of either 104 or IF 402

was not possible, solutions containing NFP÷ and HOIF 4 0 were found to decompose

to produce FOIF 4 0 in high yield. This is in marked contrast to the similar

syntheses of FOCIO3 and FOSO2F where the corresponding NF4+CI04 and

NF4÷So3 F salts were shown to be the actual intermediates. F0IF40 is the
first known example of an iodine hypofluorite and exist! as a cis and a

trans isomer. It is a stable compound and was thoroughly characterized.

The analogous hypochlorite, ClOIF 0, was also prepared for the first time,
P4

but, as expected, is considerably less stable than FOIF40. The reaction of

CsIO 4 with HF was found to be a convenient synthesis of CsIFC 2 which,

by reaction with BiF in HF, can readily be converted into W01F 0, thus

a providing easy access to tetrafluoroperiodates. The bonding in trans IF4 U2i i was studied by vibrational spectroscopy, and the results of a normal coot..
dinate analysis are in excellent agreement with the trends previously estab-

4ished3 7 for chlorineoxyfluorides.
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Table V. -V~bratiOnal SPectra of FOIFJ

ro r5d f req, Cm ,and rel interns ., tentative aSSianments to

ý I R ------- Re~nan cis arid traris i some r

as Ne matrix jadSol d
-2'CC

1375vw. 2x688
"1315 w 2x655

930.5 rn 926 (2. 9)p 924 (1.-7) vi-O trans

916 s 92C. 2 ms 9)6 (4) 914 (3.6) 1 %oo C is

90 1. 2 rcF

69-3 vs 695.2 vs va I F r
1 692.3 n ~ 695 sh 690 sha 42 a i

688 Vs 688,6 vs 680 (3,9) p 679 (3.3) %;1-0 trans

686 sh
657. 9 rn

653 s 656.3 Ms 654 (ý.5)p 652 (2.9) vi-0 cis

631 (6)p 630 (5) 'VSyr IF2 ax Cis

62 4 (9 .2) n 622 (6.8) Vsyrr I F trans
584 5 590. 10Ms 5 85 (0) p 586 (10) IýyrIFe i

583,0r s~IF ~c
j 57.3 ~ 575 sh 57 4 and 12e i

310. 1 rnM 360 sh 358 (F1)c~

335.57 ms

341 .2 mi 340 sh

335 s 336.5 vs

334.2 sh 334 %'5.4)p 333 (4)

315.7 n

308.5 m 311 (C 4) p 3 11 (0.4)

295.5 1
291 (0. 7), 291 (1)
264 (lp 263 (0. 8)
205 (0. 1) 203 (0+)
182 (0.9) p 183 (0.6)

(a) mixture of cis and trans isome~r. (b) uricorrected Raman intensities
based on trace E of Figure 5. RI/RD81-J.40
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Table VI. Mass Spectrum of a Mixture of cis and trans F'OIFLO

m/e rel intens ion

219 72 IF 0 +

203 100 IF+

200 32 1F3O+

184 18 IF3 +
3

.181 73 F 0 0
S. •1 7 8 1 1 0 2 F

165 18 1 c+

S '162 38 IOF146 15 I F

143 7 0O
127 38 1+

(a)

Recorded with an ionization potential of 70 eV, using a 1:1 mixture of
FOIF 4 0 and CIF3. Peaks due to CIF and IF 0 have been subtracted from

R43 3 5
the pattern.
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Diagram Captoions

Fiure I. Vibrational spectra of a CsIF40 2 sample containing mainly trans

IF 4 02  (bands marked by their frequency values) and smaller amounts of cis

IF F 40 2  Trace A,infrared spectrum of the solid as a dry powder pressed

between AgCl disks; the broken line indicates absorption due to the window

material. Trace B, Raman spectrum of the solid. Inserts C, Raman bands

of the CH CN solution recorded with parallel and perpendicular polarization.
3

Fiaure 2. Vibrational spectra of a CsIF 4 0 2 sample containing mainly cis

IF 402 (bands marked by frequency values) and smaller amounts of trans

IF 02  (rnerked by t). Trace A, infrared spectrum of the solid as a dry
-I

powder Dressed between AgCI disks. The weak bands at 815 and 470 cm

Sprobably do not belong to IF402 0 Trace B, Raman spectrum of the solid.

Trace C, Raman spectra of a CH CN solution. Solvent bands are marked by
4. 3

an asterisk.

SFigure3. Raman spectra of liquid HOIF0, recorded in Teflon FEP tubes at

room temperature.

i • 19•
Figure 4. F NMR spectra of cis and trans FOIF O recorded at different

temperatures. The signals due to the O-F fluorines are given at a ten

times wider scale then those due to fluorines on iodine. Positive shifts

are downfield from the external CFCI standard.
3

S- Fioure 5. Vibrational spectra of a mixture of cis and trans FOIF 4 0 in a

ratio of about 1.9:1. Traces A and 8, infrared spectra of the gas recorded

at pressures of 10 and 95 mm,respectively, in a 5 cr path length cell
-1

equipped with AgCi windows. Most of the absorption below 400 cm is due

to the window material. Trace C, infrared spectrum of FOIF 4 0 isolated in

a Neon matrix (MR 1000:1) and recorded at 60 K. Trace- D, E and F, Raman

spectra of liquid FOIF 0 recorded in 4 mm o.d. quartz tubes at -20 C for

2 samples containing somewhat different ratios of cis (c): trans(t) iso,.mer

with the incident polarization parallel and perpendicular.

RI/RD81-11,O
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Figure 6. Infrared spectra of Ir 0 and FOIFO0 In Ne matrix (MR 1000:1)

at 60 K recorded at 20 fold scale expansion. The bands due to IF 0 in the

F0IF40 spectrum are marked by an asterisk.

Figure 7. Infrared spectra of IF 50 and FOIP40 in Ne matrix (Mi 1000:1).

Figure 8. Vibrational spectra of IF 0. Trace A, infrared spectra of the gas,

trace B, infrared sDectrum in Ne matrix, trace C, Raman spectrum of the liquid,

all recorded under conditions identical to those of Figure 5.

4.i
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GAS PHASE S-MlUCTURE OF CHLORINE TýRFLUORIDE OXIDE, CIF
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Received . .

Abstract

The molecular structure of CIF 30 has been studied by gas electron diffraction.

A distorted trigonal bipyramid with the following geometric parameters (rx

values) was obtained: C1 = 0 1.405 (3) R, Cl-F = 1.603 (4) R, CI-F = 1.713
(3) R, F eClO 108.9' (0.9), F aCIFe 87.90 (1.2) and oa ClO 94.7' (2.0).e a e12 and•ai 47(.)

Steric repulsion effects in equatorial and axial directions for the double
bond and the lone electron pair of chlorine are discussed. The position of

the lone pair was derived from ab initio calculations.

Introduction

1
Chlorine trifluoride oxide was independently discovered in 1965 at Rocketdyne

2
and 1970 at Saclay . No structural data have been published for this interesting

compound, except for its vibrational2' 3 and F' and 0705 NMR spectra which

were in agreement with a pseudotrigonal bipyramidal structure of synretry CS'

In this structure, two fluorineoccupy the axial and one fluorine, one oxygen

and one sterically active free valence electron pair occupy tne equatorial
6

positions. It was recently proposed that free valence electron pairs and 7

bonds can result in directional repulsion effects for trigonal bipyramidal

molecules. Since CIF 30 possesses both a free valence electron pair and a 7L
bond, a knowledge of its exact molecular structuve Nas oT great interest. in
this papaer, the results of a structure determination of CIF 30 by gas phase

6
electron diffraction are given in support of the oreviously proposed direc-

tional repulsion effects.

L RI/RD81-140
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Experimental

The sample of CIF30 used for this study was prepared by low-temperature fluori-n f
nation of CIONO2 using a previously described method. The sample was purified
by fractional condensation, followed by complexing with KF and controlled vacuumn

pyrolysis of the resulting KClF 40 adduct. The product showed no impurities

detectable by vibrational and NMIR spectroscopyI14 and was handled exclusively

in well passivated (with CF 3) Teflon-stainless steel equipment.

The electron diffraction intensities were recorded with a Baizer Diffracto-

"graph KD-G2 at two camera distances (50 and 25 cm) and an accelerating voltage

of about 60 KV. The nozzle temperature was lO0 C and the sample was kept at

-350C. The camera pressure never exceeded 1.10-5 Torr during the experiment.
(Throughout this paper 1 • = 100 pm, 1 Torr = 101.325/760 kPa). The electron

wavelength was determined from ZnO diffraction patterns. An s - range (s

(4 T/X) sin e/2, X..electron wavelength, O..scattering angle) of 1.4 - 17

and 8 - 35 •-, for the two camera distances, was covered in the experiment.

For each camera distance two plates were selected and the intensity data were
evaluated in the usual way9 . The averaged molecular intensities were measured

in steps of ts 0.2

Results and Discussion

Structure Analysis. The observed molecular intensities are given in Figure 1. A

preliminary geometric model was derived from the radial distribution function

(Figure 2) and then refined by a least squares analysis based on the molecular

intensities. A diagonal weight matrix was used9 and theoretical intensities

were calculated with the scattering amplitudes and phases of J. Haase

The only geometric constraint was an assumed Cs symmetry. The ratios between

the vibrational amplitudes of the bonded distances and of some nnn-bonded

distances were constrained to the spectroscopic values (see Table 1).

Parallel vibrational amplitudes and harmonic vibrational corrections ýr :

ra - r (Table 1) were calculated from the force field of Reference 3 with the

11Iprogram NORCCRI. Two correlation coefficients had values larger than I
0.5:[ ýF ClF /�F ClO] = 0.88 and [Il(bonde)/l(F a ,l 0.61. The resultsa e a d a'

R I )8



-3-1
of the least squares analysis are surrarized in Table 1. Estimated uncertainties
are 3a values and a possible scale error of 0.1% is included for bonded distances.

Ab initio Calculations: The molecular wave tunction at the experimental geometry
T12AS3was calculated with the program TEXAS1. For second row atoms, 4-21 bsis sets 1 3

*14 12and for chlorine a 3-3-21 basis set , supplemented by d functions , was used.
The position of the chlorine lone electron pair (Figure 3) was obtained by trans-

formation to localized orbitals, using Boys' criterion . Atomic net charges

and overlap populations (Table 2) were derived by a Mulliken population analysis 16

Molecular Structure of CIF 0: Chlorine trifluoride oxide is a distorted tri-

gonal bipyramidal molecule with three different ligands in the equatorial plane:
a single bond, a double bond and a lone valence electron pair. The angles

4, (Figure 3) between the axial bonds and the double bond are larger (by about 70)
than the angles between the axial bonds and the single bond or the lone

electron pair, i.e. the axial fluorine atoms are bent away from the double
bond into the sector between the single bond and the lone electron pair. This
demonstrates that in the axial direction the steric repulsion of the double
bond is larger than the repulsion from either the lone pair or the single bond.

The angles in the equatorial plane, however, indicate that in the equitorial

direction the repulsion by the lone pair is largest, followed by the double
bond, with the single bond being smallest. This directional repulsion effect

of double bonds which has been pointed out previously 6 , correlates well withF- the different population of the 'T bond orbitals in the axial and the equatorial
17plane1 . For CIF 30, these populations (Table 2) are almost equal.

The observed bond distances (Cl = 0 1.405R, CI-F 1.603 R, CI-F 1.713 •)
e ax

agree well with previous estimates (CI 0 1.42 R, Cl-F 1.62 •, Cl-F 1.72 ý)3
:• e ax

derived from the observed vibrational spectra and a comparison with related

molecules. They confirm the conclusions, previously reached from the results
3of a normal coordinate analysis, that the chlorine-oxygen bond has double bond

character and that the axial Cl-F bond is significantly weaker than the equatorial
one. These results support a previously outlined bonding scheme assuming mainly
sp2 hybridization for- the bonding of the three equatorial ligards .... FCIO
bond, and free valence electron pair) and the use of a chlorine p orbital for

RI/RD81-]4O
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the bonding of the two axial fluorines by means of asemiionic three center-
3,7,18

4 electron bond pair.

A comparison of the bond lengths in CIF 3 0 with those in closely related

molecules (see Table 3) also correlates well with the conclusions previously

derived from force field computations. 3 ' 7 , 1 8 These computations had shown that,

if the bonds are separated according to the two possible types (i.e. mainly

covalent and mainly semi-ionic 3c-4e), the bond strength within each type

increases with increasing formal oxidation state of the centrc.l atom and

decreases with increasing oxygen substitution. The first effect is due to an

increase in the effective electronegativity of the central atom with increasing

oxidation state. This increase causes the electronegativities of the central

atom and the ligands to become more similar and therefore the bonds to become

more covalent. The secondeffect is caused by oxygen being less electronegative

than fluorine thereby releasing electron density to the molecule and increasing
thejoncit oftheCl- bods.7,18the ionicity of the CI-F bond Although the previous force field computa-

tions clearly reflected these trends, the uncertainties in force constants,

obtained from an underdetermined force field, were rather large and certainly

are not as precise as the more reliable bond length measurements from this

study.
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Table 1: Results of electron diffraction experiment and

spectroscopic calculations.

Sa) geometric parameters (re. values) in • and degrees. See text
for estimated uncertainties.

CliO 1.405 (3ý/ 4FaClFe 87.9 (1.2)

Cl-F 1.603 (4) 4F CIO 94.7 (2.0)e a
-FaCl-F 1.713 (3) QaCIFa 190.5 (4.1)

4F C10 ;08.9 (0.9)
e

b) vibrational amplitudes from electron diffraction and spectros-

"copic data and harmonic vibrational corrections in •.

L vibrational amplitudes

e.d. spectr. ra -

I5Cl0O 0.032 ( 7 )b 0.036 0.0010

V CI-Fe 0.041 ( 7 )b 0.047 0.0001

Cl-F a 0.048 ( 7 )b 0.053 o.O0o

F e..0 0.066 ( 6 C 0.065 -0.0008

F .. 0 0.073 (6)c 0.072 0000Ca

F ..F 0.079 ( 6 )C 0.078 -0.0007

ae

F .. F 0.061 (10) 0.067 -0.0010a a

c) Agreement factors for both camera distances.

RSO =5.2% R2 5 =7.0 %

a dependent parameter. ' ratio constrained to spectroscopic

value.

RI RH81-140
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Table 2: Atomic net; charges (a.u.), dipole moment (D) and

overlap populations (a.u.) for CIF 30.

net charge overlappopulation

C1 + 1.76 Cl-F 0.092> e
"F - 0.31 Cl-F 0.070

Fa -0.46 OeCO eq 0.103Cl--O "e

0 - 0.53 0.091
a 1.74

aIS see Fig. 3 for direction of dipole moment.

"iif
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Diagram Cantions F
Fig. 1: Experimental (ooo) and calculated (-) molecular

intensities and differences,

Fig. 2: Experimental radial distribution function and

difference curve.

Fig. 1: Bond angles in axial (a) and ecuatorial (b) directiors.
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APPENDIX 1

Evidence (or the ftisk.- 6 Directional Repulsion Effects For a meaningful comparison. we must first establish the
by Lone Valence Electron Pairs and ir Bonds in relative repulsive strength of a lone valence electron pair and
TrigonaI.Bipyratuddal Molecules of a douibly bonded oxygen in the absence of directional effects.

Inspection of the known structures of IF$" and IF5O;' and
Sir: of XCOP8

1'
The Gillespie-Nyhltom valence-shell elect ron- pair- repulsion0

(VSEPR) theory'" is very useful for explaining the basicFF '52

structural features of many classes of inorganic compounds. '- I- e

Tn. he our>sue ta h geometry around a given ceta
atom is determined by the number of electron pairs in its F

valence shell which are arranged as *points-on-a-sphere" in
a manner to minimize the mutual repulsion energy. The finer shows that in these pseudooctahedral molecules the repulsive
details of the structure are predicted by assuming lone or strengths of a lone valence electron pair and of a dr :bl> bonded
nonbonding electron pairs to be more repulsive than single oxygen are very similar and that, a s demonstrated for XeOF,.
bonds. with double bonds being almost as repulsive as the lone the oxygen cani be even slightly more repulsive than a free
pairs. Since the valence electron pairs are treated as points,' valence electron pair. In the pseudotetrahedral molecule, PFI
their repulsive effect is assumed to be directionally tide- and PF3O.2 the free valence electron pair appears:oe
pendent. This approximation holds well for highi> symmectric somewhat more repulsive than oxygen:

Icmoleculic such as octahedrons or tetrahedrons and for valence,
electron pairs which are cylindrically symmetric with respecW
to their axes. However, if a molecule possesses a structure P
of lower symmetry such as a trigonal bipyramid and if the F F

valence electron pair is not cylindrically symmetric such as F

the -r bonds of double bonds, dirwcional repulsion effects can Thabvexmlsho tafrpacilpuoete
be expected which should depend on the nature of the orbital nhaondietoa rexapulesiv shwtrenths fof pacfreecal pncoes eleto
and its electron density distribution. olietoareusvsrnghofareva-e lcrn

Contrary to the ligands in a tetrahedron or ocrtahedron, thos pair and of a doubly bonded oxygen are comparable. For a
in a trigonal-bi pyratmidal molecule, when arranged as being more precise comparison, effects such as changes in the oxi-
equidistant from each other, are no longer on the surface of dation state of the central atom or in the hybridization of the
a sphere and become nonequivalent. The two axial ligands orbitals should be eliminated. This is best achieved by selecting
have a greater (ideally by a factor of 21!2) central atom-ligand a compound such as XeOF 4 containing both a free valence
bond length than the three equatorial ligands. Consequently, electron pair and doubly bonded oxygen at the same time. In

an euatriallignd psseses wo oneqivaent air of this manner, their relative repulsive strengths can be comrrpared
anequatorioealxigalnd possgesses twboneqvlength pandirsof under identical conditions.
neighborgls, ai one ax utoial one of grea ter bond length n dah Returning to the less symmetrnc case of trigonal-bipýramidal

at 90 agle aadoneequtoral oe o shrterbon legth molecules, let us consider the structures of SF,, OýSF,, and
and ideally at 1200 angles. C S

In this correspondence, two cases are presented which al-c HC F 4:
strong evidence for the existence of directonal repulsion effectsF
in trigonai-bipyramidal molecules. These two ca~is are (i) a -,-* '-
c~omparis~n of the structures of SF4' 4' and XýSF, (where X S$ oS

sOo -1~5 0 and (ii) the structure of CIF3O.` In the first F Fý

case, the relative repulsion of the axial and of the equatorial
fluorine ligands by either the 7 bonds of a double bond or a Asrenlpotd ubybrh mradBgsteFF
free valence electron pair is compared, whereas in the second bond angles are surprisingly differeni in these molecuies5 bull
case, the combined effect of a lone pair and of a doubly bonded could be well duplicated by ab inubi MO calculations. These

Loxygen is described, calculations showed that' the observed differences in the
structures of O=SF, and H.C=SF, can be satisfactorilv

(ItR IGiiehpe ad RS. yhom.Q Ra.. he' ~ 1.39 971, explained by the different populatioit of the XýS 7--bond
RJGillespie. an ~Rn. S.Edam .Re. heSc.. 11. 339 t1) 47.57): orbitals in thec equatorial and the axial plane (OS F. rn 0 I

(2) R. J Gillespie. "Molecu~ar Geomeuy' Van, Noai rand-Reinhold. Lon. au, ~=01 u 2 =S 4 w 3a.na 0al

don. W 9A72e ndWDC-nJ hmPy 6.11 9. The comparatively small F,,S?. bond angle of SF, can be
(3) K KTimura and S H Cau nn, J Ce. Chyrn. 39, 3. 1 !963). rationalized in the following manner. A lone electrorn pair can
(5) G Gundernen and K. Hedberg, J Chemn Phyj .5, 'i 5so0 2!969) be delocalized rather easily, as shown, for example, bN the
(61 H Oberbammer and I. E Bogp.J. Afoi St'uct . 56, 10' 19-9). H. tutr of BrF5, ' as opp'osed to that of IF, Although

Back. J E Boas. G Klcetntun. D Utcnz. H. Oberhamnmer, E 1,1
Peters, K. Seppeir. A. Simon. and B. Soiouki. A4ngew CAom.. /pit. Ed
Engi.. 1S, 94-4 (1979).

(1) K. S k. Murty and A. K. Mohanty. id. J. P41,.. 45. 535) (19'1: K. i(12 A G R obituie. R H- Bradkiv. and P N Brier. J Chem, S:X D. 156t'
S R Murly. B01 Nat Iaat bitd.. 30,.73 j 1965). (1971), R K Heenan and A G Robreue. )1 Viol ,5:r,ý 5S. 1 Q

(9) J D) Graybeat, Sixth Auuijen Symposium on Gas Phast Molecular (1t979)
Structure, Austin., Tex"., 1976 tI13, L. S. Bartell. F B. Chippard. and E. J. Jacob. 1inong Chemn.. 15. 3009

(9) K. 0. Chruase, C J. Schack, and E C Curtis. SpectrocimAr Acia. Part (1976)
A. 33A. 323 (i977(. (14) J. F. Macrtns and E. 8 Wilson, J. Wol Specipuic . 26, 4iO (1968).

(10) 1. H-argsitai, J. Mol. Strici, 56, 301(1979). RI/RD81-lliO (15) R. Boutior. P. Charpim.and J. Soriano. C. R HaSd. Stonaj .4cad. Sc;..
(t 1) H. Oberlitirmer. unpuablished results See. C. 272. 56 5 (19 7 1
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in boto ions the central atom possesses a lone valence electron error, quite similar but that they strong[) differ in their di.
pair, the size of bromine permits only a maximum coordination rections.

* number of 6 (toward fluorine) and the lone pair in BrF6- is Since the molecular structure of SFO has not yet been
sterically nactive and centrosymmetric. In 11F6-, the larger established beyond doubt (four models have been proposed on......
central atom can readily accept seven or eight ligands. as the basis of an elecron diffraction study)' and since one might
demonstrated by, the existence or IF, and IF,.IIf and, argue that secondary effects such as the difference in thc

* therelore, the lone valence electron pair becomes sterically oxidation state of the sulfur central atom might be of im.
active and acts as a ligand. On the assumption of a simila r portance, the structural study of a trigonal-bipyramidal
case of delocalization of the free valence electron pair in molecule containing both a lone valence electron pair and a

* trigonal-bipyramidal arrangements, a free valence electron pair doubly bonded oxygen atom was important. Such a molecule
can then be expected to possess little directional repulsive is CIF 3O. the structure of which was recently established:'
selectivity and to compress preferentially the most compressible

* bond angle. In an idcaiýzed SF, structure. the 120* equatorial F 4 , 405 1

FSF angle obvious!% should be compressed more easily than 91s
the 90' angles formed between the axial ligands and the :c c
fluorine containing equatorial plane. FI

On the other hand, the .. orbitals of an S=X double bond
are more *ociiI7cd ind concerntrated between the sulfur and sidc view !on' %ICA

the X atom in the equatoria; and the axial planes of the Tefc htteailfurn tm r eeldmr
molecule Depending on the relative population of these or- sTrogl fatha the oxygen florine tan~thms arc rpairc monre~
biiais. prc~cce:miti& re uisiuý. of either the axial or the equatoral theonexistence ofye diecional thausn bffects ion tarig~ona_.bip
qiuormcs is posbib~c Thus, the "shape" of the S=X 7r bond rameidasmoencueso dr nand suprt-usi th fe cnlsions iregachedfrom
is responsible for the preferred direction of the repulsion effect ailmoeusansporsh ccuinsecedfm
and mrust be considered when the structure of an unknown the compartson of the SF,, OSF 4, H,,CSF, series.

A. molecule ts predicted. In summary, in trigonal-bipyramidal molecules. cylindrically
In view of these directional repulsion effects, the change in nosmercalcelctnpiscnrsltndrcinl

a single bond angle is not a good measure for the overall repulsion effects. These effects can be rather pronounced and
repulsive strength of a ligand or a fr:ec valence electron pair, cno eacutdfrb ~peVERter.
Since the repulsion of all the other ligands must be considered, Acknowledpneut K.OC. is indebted to the Office of N~aval
the average quadruple angleit) should be used for such a Research. Power Branch, for financial support.
comparison. In SF,. 05F 4, and H2CSF4 . these average
quadruple angles are 11 1.5, 110.3, and 113.3*, respectively, Pocketdyne K. 0. Cbrisiee
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Abstract

The infrared spectra of FCIO 3 in Ne, N2 , and Ar matrices were recordedi3 37c
and the 3 5 Cl - C isotopic shifts were measured. The Coriolis constants of

the E-species vibrations were redetermined and together with the isotopic

data used for the computation of a general valence force field. The AI block,

for which only isotopic frequencies are available, was fixed with the help

of ab initio force constant calculations. It is shown that v and V are
2 3

best described as an antisymmetric and a symmetric combination, respectively,

Sof the CIF stretching and the ClO bending motions. Comparison with 13 pre-
3

viously published force fields demonstrates the inadequacy of underdeterr'i-.ed

force fields for stronqly coupled systems, such as FCIO The C1O and CIF

stretching force constants were found to be 9.76 and 3.L9 mdyn/ý, respective-

ly, in good agreement with those expected for a mainly covalent CI-F single

and CI=O double bonds.

Introduction

During a normal coordinate analysis of the fluorine perchlorate, FOCIO3,

molecule we became interested in the force field of the closely related

perchloryl fluoride, FCIO molecule. Although FCIO is a well known and
V 2-i43

important molecule, and at least 13 force fields have previously been
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published for it, comparison of the literature data revealed large discre-

pancies. Furthermore, for most of these computations estimated structural

parameters had been used. Since the structure of FCIO3 has been well established

by electron diffraction data 6 and since for similar molecules a combination of

isotopic frequencies and Coriolis constants have been shown to result in well

defined general valence force fields,15-17 it was interestlnq to apply this

"approach to FCIO . Further interest was added to the problem by the fact that
di 2,3.8,9,11

"in several studies FC1O 3 had been used as a model compound to test

"the quality of approximate fcrce fields. An evaluation of the merits of the

different approximating methods, however, requires the knowledge of a relia-

ble general valence force field. Finally, based on the results of a normal

coordinate analysis, Gans pointed out9 that two possible assignments k715 and

"5Li9 cmI) exist in the A1 block for the Cl-F stretching mode and that, as

a result, \) and v3 might be mixtures of Cl-F stretching and angle deformations.

The purpose of this study was to clarify some of these aspects and to obtain a

better understanding of the force field of this interesting molecule.

E Exprimntal

Perchloryl fluoride (Pennsalt) was handled in a passivated stainless

steel - Teflon FEP vacuum system and purified prior to use by fractional

condensation. Infrared spectra of the gas were recorded usIng a 5 cm path-

length Teflon cell with Csl windows. The infrared spectra of matrix-isolated

FCIO were obtained at 60K w:ith an Air Products Model DE 202 S helium refrig-

erator equipped with Csl windows. Research grade Ne, N2 and Ar (Matheson) were

used as matrix materials in a mole ratio of 1000:1. The infrared spectra were

recorded on a Perkin Elmer Model 283 spectrophotometer calibrated by comparison

with standard gas calibration points,18,19 The reported frequencies and isotopic+ +. -I

shifts are believed to be accurate to - 2 and - 0.1 cm , respectively.

Results and Discussion

Since the infrared and Raman spectra and the assignments of FCIO 3 are F
well established,10' 202 only the infrared matrix isolation spectra were

R ,I!R;D81 -:!A() l
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recorded for the determination of the 3 5 C1- 3 7 Cl isotopic shifts. These

spectra were obtained at 60K using three different matrix materials, Ne, N2 ,

and Ar, at a MR of 1000. The observed spectra, frequencies and assignments

are shown In Figure I and Table I. As expected for a five atomic molecule of

symmoetry C3v, FC1O3 exhibits a total of 6 fundamental vibrations classified as

3A,+3E. By analogy with the slmilar halogen fluorides, BrF 326, BrF3027 and

FBrO 28 neon matrices exhibited the least matrix site effect splittings and
2

showed frequencies closest to those of the gas phase values. The additional

splittings observed for the N2 and the Ar matrices are attributed to matrix

site effects.

A general valence force field was computed for FCIO using a previously
3

described machine method2 9 . The frequency values were taken from previous

gas phase measurementsl0'2l'222 4 '25 and are summarized in Table 1. The 3 5

Cl- 3 7C1 isotopic shifts were taken from the present matrix work except for

V3 and v which were more accurately determined by a previous high resolu-

tion gas phase infrared study (see Table 1). Anharmonic frequencies were used

for the force field computations because sufficient experimental data for an-

harmonicity corrections were not available. Since the relative signs of the

symmetry coordinates are critical for the computation of the Coriolis constants,

the symmetry coordinates have been summarized in Table II. The following internal

coordinates and the geometry, determined by an electron diffraction study, 6

were used: F

100. 8  R: 1619•
r 1,404A

0 1

As it was clear from the beginning, that the measured isotopic splittings

would not suffice to determine the A1 block force constants unequivocally,

ab initio force constant calculations were performed too, using the force

method 3 0 , a 4-21G basis set31 for F and 0 and a 3-3-21 basis set 3 2 for the

chlorine atom, which was augmented by one d function with exponent 0.633.

I• LI
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when it was realized, that the pure basis did not reproduce the geometrical

data properly. With the augmented basis set for Cl, the calculated geometry

(rC1F 1.628R, rI 0 L.437R, ýC10 2 1 16.57', ýCIOF 100.80) is in good agreement

with the experimental values. Table III shows the results of the ab initio force

constant calculations (set 1). The usual34ý38 deviation of the diagonal force

constants was remedied by a subsequent iteration using the measured frequencies

(set II In Table Il).

* E-Block Force Field, The 3 7 Cl isotope can provide only two new indepen-

dent frequencies, due to the product rule. Consequently, the fact that the

isotopic splitting for v6 could not be measured, is unimportant. Similarly,

the Coriolis constants can provide two additional independent data points

since they are related by the sum rule,ý 4 + + ý62B/A. Again, the fact that

one Coriolis constant could not be measured, does not decrease the number of
available independent data points. Thus, there were a total of seven pieces
of independent data available to determine six force constants. The least

squares computer code, used for our force field computations, did not converge
S.. when the observed frequencies and the previously reported Coriolis C constant

values 5,10 were used as input data. Consequently, this code was used to com-

pute five symmetry force constants and the Coriolis constants as a function of

the sixth constant, F45, requiring an exact fit of the five observed frequen-

cies. The resulting range of solutions is shown in Figure 2.

Since neither of the two previously published 5,10 sets of Coriolis

constants (see Table iv ) resulted in a unique force field solution (see Figure 2),

the Coriolis constants were reexamined. This examination revealed severe short-
10

comings for both sets. The set calculated from Raman gas phase band contours,

altho'ugh quoted with the smaller uncertainties, is effectively useless because

the Rai-an band contours are a function of both the Coriolis constants . and

the ratio 6 of the relative intensities between the set of transitions in 3

with •K=-l and the same transition in J with UK=2. Since the 6 values are

unknown, reliable • values cannot be obtained in this manner.

The other set of Coriolis constants was calculated5 from infrared gas-

phase band contours. For the deterwination of C the accurately known Q
-1 22 B 0.5S81branch spacing of Vs O.1581 cm-) was used according to 5 l 2

RIiRD81-140
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where A and 3 are the reduced moments of inertia. At the titW of the original

computation of 4P an experimental value was available 2 2 ' 3 0 only for B, but

A had to be estimateJ. Reevaluation of C5 with A and B values of 0.1846 and

0.1764 cm'l respectively, deduced from the electron diffraction structural

data, 6 resulted in a revised value for C5 of -0.384! 0,008, assuming one

percent uncertainties for both the value of A and the value of the Q branch

spacing. The values of A and t computed from the published electron diffraction
6

* data are considcred to be more precise than one percent in view of the 0.64%

deviation between our value of B (0.1764 cm- 5S292 Mc/sec) and that of 5258,682-*

0.005 Mc/sec obtained by m~icrowave spectroscopy.V

5
The previously reported value of 6 had been computed from an estimated

geometry and the PR branch separation of v6 which was obtained by doubling the
QR branch separation observed in the low resolution work of Lide and Mann21.

A reexamination of the complete V 6 infrared band contour at 300C resulted in

a P-R branch separation of 20.5- 1.0 cm" which in turn resulted in 6=0 .32+
3 1-34

O.OS using previously reported graphic interpolation methods.

Determination of from the infrared band contour of Y 4 was not possible

due to interference from the strong Q branches of the 35 C1 and 7C1 isotopic

species and from the (P2 *vS) combination band. Therefore, C4 was determined

from the known • and values and the su rule2B/A and was

found to be 0.504.05.

This revised set of Coriolis constants differs significantly from those

reported previously3,5,10 (see Table IV). As can be seen from Figure 2, it

results in a single set of force constants, thus lending credibility to the

force field chosen. The numerical values of the resulting force constants

are summarized in Tables III and V and Figure 2 with uncertainties derived from the

uncertainty limit of

R1 i'RD8 -A 0
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There is an excellent agreement of this experimentally derived force

field with the ab initlo results (see Table I11).

This E block force fleld appears entirely plausible. All the off-diagonal

symmetry force constants have relatively small values, and the potential energy

distribution (see Table ll)shows the fundamentals to be highly characteristic

(70-98%). They are well described as an antisymmetric CIO 3 stretch, an -

antisyrimetric CIO deformation and a CIO rocking mode. Figure 2 also demon-
3 3

strates that the general valence force 'ield Is approximately an extremal solu-

""• tion with Fn being a maximum and F and F being close to their minima.
455 66

A1 -Block Force Field. For the A1 block, the product rule reduces the six

vibrational frequencies to five ;,'dependent pieces of data. Therefore, a unique

force field cannot be determined. Thus, we had to rely mainly on the ab initio

calculations (see Table I11), which, however, do not reprodu-e the vibrational

frequenciesv and V even after iteration of the diagonal terms. This is due
2 3

to the small value of F We have computed the five reamining synmetry force231
constants as a function of F2 3 , requiring an exact (-0.05 cm- ) fit of the

observed frequencies and chlorine isotopic shifts. The results from this com-

putation are displayed in Figure 3.

Its inspection allows the following conclusions: (1) F 2 3 must be posi-

tive and must have a value of at least 0.57 mdyn/rad. The ab initio value

(0.481 mdyn/rad.) is definitely below the range of real solutions. (ii) At

F2 3 =min. v 2 and V are complete mixtures of the syn~etry coordinates S2 (CIF

stretching) and S (CIO deiormation) with v being an antisymmetric and v 33 323
a symmetric combination of them. (ilii Except for a very small range close,
to F12 and F13 being zero and to F 3=min. F 2 and F13 must have the same

Ssign with FI2>F 3. For increasing positive values of F and F the contri-
sinwihF12 13 12 13' h1 oti

bution of S to V and of S to ',% increase and for increasing negative values
3 22 3~

these assignments become reversed (iv) The diagonal terms of the force con-

stant matrix have their extremal values (F1 max., F2 2 min., F = min.) close V
11 2233

to the minimum of F In this range, large changes in the values of F 12
23' n t1

and F will be of minor influence on the diagonal force constants. Though
13

for the A block the ab initio force constants do not fulfill these require-

ments exactly (F 2 3 if outside the range of real solutions and the difference

RI!RD81-140



-7

between F 12(0. 154 ridyn/R) and F 13(0-0 mdyn/rad) is too large) they tmay be

used to fix the force "eld within narrow limits, provided their sign and

order of magnitude is correct, which was proven for many examples (e.g. ~3)
Thus, the ab Initio value of F may be regarded as an upper limit, the value

12
of F as a lower one, while F is close to the minimum value. F exhibits

13 23 13
the largest uncertainty. Its lower limit Is given by the ab initio value (0)

and its upper limi;t by the value for P 12' The force field derived in this

way wi th an optimal adaption to the experimental data I s given i n Table IlIl

as set Ill.

The strong mixing of the symmnetry coordinates S., and S in v and Vcan
Z 3 2 3

be easily rationalized. If the three oxygen atoms are treated as one center

of mass X, then the symr-.tric C10O deformation mode corresponds to a stretch-

ingi of the hypothetical Cl-X bond. Since such a hypothetical F-ClI-X molecule

is linear, the F-Cl and Cl-X stretching motions should be strongly coupled

and, therefore, result in an antisyrnretric and a symmnetric F-Cl-'X stretch.

Comparison wi th Previous Force Fields. Table V gives a comparison of

our force field with those previously reported. In most cases, an exact com-

parison of the bend-bend and stretch-bend force constants is difficult because

for most of the previous force fields all force constants were given in units

of mdlyn/l and the authors were not specific which bondlengths (r, R or possible

combinations) were used for their normalization procedures. For a comparison

with our force field, approxinmate values of the previously reported all my

force fields can be obtained by rnultiplying F 3 3 and F 6 6 by rR, F 13 by Ror

frR F and F by r or fr-R , F 'y r 2or rR, F byr-,and F 6 by rR or
34 1/223 45 55 465
r R .Furthermore, most of the previously published force f2elds w.ere

compute,, with estimated geometries or inaccurate Coriolis constants. Lonse-

quently, an objective evaluation of the merits of the individual appioximating

methods is difficult and was not undertaken.

Genetal Comments. We would like to point out the wide range of force

constant values previously publ ished for FClO 3whuich fuilly supports the pre-

vious critical staterients 9by Gans concerning the questionable value of force

constant calculations from insufficient or inaccurante data. in such cises, the

computation of wide solution rangjes is important to determine the range of possi-

ble plausible solutions.
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The values of 9.76 and 3.$# mdyi/R obtained for the ClmO and the CI-F

stretching force constant, respectively, of FCXO are in excellent agreement. j
with our expectations for highly covalent CI=O double and CI-F single bonds.

Higher 0120 force constants have only been observed for the cations CiF20

(12. 1 mdyn/%4  and CIF 2 *(11.2 mdyn/R)4  and are caused by their f7ormalj
45 +positive charge. Similarly, CIF •O is the only chlorine oxyfluoride species2 2which exhibits a higher (4.46 mdyn/) CIF stretching force constant. This can

be attributed to the high oxidation state of chlorine (+VII) and the energetically

favorable pseudo-tetrahedral structure of FCIO3 .

The results of the present study are of particular interest because they

demonstrate that arguments concerning the assignment of certain modes,

capable of undervoing coupling, can be rather meaningless. This has recently
44

been demonstrated4" for the axial and the equatorial SF2 scissoring modes

in SF 4 and is now further substantiated for FCIO 3 . Rather than resulting in

highly characteristic fundanentals,their symmetry coordinates are strongly

mixed and the fundamentals correspond to an antisymmetric and a symmetric combina-

tion of the corresponding symmetry coordinates
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Diagram Caption~s

Figure 1. Infrared m~atrix isolation spectra of FCIO recorded at 6Kin No, N 2

and Ar at a MR1 of 1000. 2

Figure 2. E-block syzmetry force constants and Coriols constants of FC1O3

plotted as a function of F4 ~ The units of the force constants are

given in Table 1. The observed Coriolis corstants are marked by

and their uncertainties are given by rectangles. The solid and the

two broken lines represent the general valence force field and its

uncertainties, respectively, derived from the corresponding ý5 values.

values.

Ljgure3 A I b lock symmetry force constants of FCIO 3 plotted as a function

of F 23.
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TABLE I Frequenciesa and 35C-37C Isotopic Shiftsb of F3 5 CI0 3

35 35 3
Species mode F 3CO 3  Cl-3 7 CI

frequency isotopic shift

(cm 1) (cm 1 )

A1  V1  1o63 3.o5

V 717 10.0

V 3  55o 0.89

E • v4 1315 15.8

S591 3.09

V6  4o5 [0. 1 7)cL6

(a) Frequencies were taken from the gas phase values of refs

lo, 21, 22, 24, 25

(b) Taken from this study, except for Av3 and iv (from ref. 22)

(c) Calculated value. Snlitting was t'-o small to be experimentally

observable
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TABLE II Symmetry Coordinates and Symmetry Force Constants for FCIO3

A1 S1 I (rI r 2 + 3/16

5 ( 0.4912 (8= +0+ ) 0,04a +a+

321 2S *
5* 0.3034 (0 B ~+0~ ) + 0-4e912(ca +0 +0

CS : (r +r -2r )/v"
s b- (, r )/ /

5
5b 2- 2 -

•'S~a (2a -+a 2a )/14

S~* redundant c.•rd~nate

'hl " f. * •fr

SF$" .P~B* 0.2Sf ' 4 .45?'•B O.SSF j179f, . 0.O?•i

F2 2 - V2

*| " .al~rlr * | '70fr,., " I .05 ,, - .O,3)r,

;. ~~~7. .a•f, - ,lft

50..

=• • P44 f,. " 7'T

IS6 a

' (a f /,"

, _ _ _ _DS -1

reudat"rdnt
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APPENDIX KC

Das Kraftfeld von SF,

The Force Field of SF4

Wolfgang Sawodny* und Karl Birk
Abteilung filr Anorganische Chemie der Universit~it Ul~m, Oberer Eselsberg, D-7900 Ulm

Geza Fogarasi
Department fuir Allgemeine und Anorganiache Chemnie, E6tvuis.Lorand-Universitdt,
H-1088 Budapest, Ungarn

Karl 0. Christe
Rocketdyne, A Division of Rockwell International, Canoga Park, Calif. 91304, USA
Herr,, Prof. Dr. -Ing. Fritz Seel zum 65. Geburtatag gewidmet

Z. Naturforsch. 85b, 1137-1142 (1980); eingegangen am 9. Mai 1980
Force Constants

As it proved impossible, to compute a unique and meaningful General Valence Force
Field for SF4 from the known experimental data, this was realized by an ab initio cal-
culation using a basis set of 3.3-21 + I d G functions for the S., and 4-21 G functions for
the F-atomn. -The values of the stretching force constants are f (S.Feq): 5.36 mdyn/A,
f(S-Fax): 3.25 rndyn/A. Problems of assignment of the deformational modes could be
settled conclusively.

Obwohl SF4 im Grunde eine recht einfache Ver- Einbeziehung der bisher unberi~icksichtigt gebliebe-
bindung darstellt, birgt seine schwingungsspektro. nen, aber gemessenen ([12] Zentrifugaldehnungs.
skopische Behandlung eine Fille von Problemen. konstanten zu einer genaueren Eingrenzung des
Dies liegt zum einen an der niedrigen Symmetrie Kraftfeldes auch filr die Rasse Al zu kommen, oder
(C2,), die eine eindeutige Zuordnung insbesondere - falls dies nicht zumn Ziel fiihrt - durch ab initio-
der Deformationsschwingungen erschwert, zum an- Berechnung der Kraftkonstanten eine L~sung zu
dercn an der starken Assoziation in fliissiger Phase, finden. Durch letzteree kann gleichzeitig die Zuord-
die ftir eine Untersuchung des ungestdrtcn Moleki~ils nung bestitigt werden.
lediglich Spektren in Gasphase oder in einer Inert-
gas-Matrix zul&13t. Hinzu kommt, da8 die Gewin- Das Kraftleld aus experimentellen Daten
nung zusfitzlicher spektroskopischer Informationen Die Normalschwingungen des SF 4 teilen sich nach
durch das Vorliegen eines asymmetrischen Kreisels 4 A, + I A2 + 2 B, + 2 B2 auf die Schwingungsras-
und die beschri~nkten Mbglichkeiten einer leotopen. snauf. Die SymereKodntnwre i
Substitution sehr begrenzt iet. In einer langen Reihe sen [11mmetr~, ieF-Koord Gnatren wurde der
von Arbeiten [1-13] wurde vereucht, wenigstens die Wilns[111 gewthltdie F-elitt und Garzexpac erim

Zuornun de Nomalchwngugenzu refentelle Gr6Ien standen die Schwingungsfrequenzenwas allerdinge erst juingst [113] mit' IiiiatReDaten ah13(WredrI-spktn;2S4-SO
ffir 34S 4 enig rni~ enzuverl&.ssig gelungen s . t p n e ch bu g a S k r nin N 31 rx,

Hiermit war es auch m6glich, das afgmieV-5 Zentrifugaldelinungskonstanten [121 und die mitt.
lenzkraftfeld (GVFF) fur dlie beiden asymmetrischen leren Schwingungsanipltuden [14] zur Verffigung,
Rassen B, und B2 festzulegen, wdhrend die 4 Nor- ezr wdnalrigsictndeIeaio
malschwingungen (und damit 10 Kraftkonstanten) letnztgene wrdern nallerdings icht iecn deIterto
enur niierngsweise blehandelt wserdendekonnte. E Die Kraftfelder der Rassen B, und B2 lassen sichnurniierugswisebehndet wrde konte Esaus den Isotopendaten ermitteln und wurden auesoil nun der Versuch unternommen werden, unter [13] jibernommen, ebenso Fs5(A2) mit dem geschiitz-

ten Frequenzwert von v5 = 437 cm-1, nachdemn die
*Sonderdruckanforderungen an Dr. WV. Sawodny. gleichzeitig angesteilten ab initio-Rechnungen (sicho

0340-5087/80/0900--i 137/S 01.00/0 unten) dies ale sinnvoll bestutigten. Fur die 10
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1138W. Sawodny et at. -Das Kraftfeld von SF4

Tub. L, Kraftfeld ffir SF4 aus experimentellen Daten (Valenzkraftkonstanten indyn/A =102 Nm-1, Deforrna-
tionskonatanten radyn A -aJ, Valenz/Doformations.Weohaelwirkungekonstanton mdyn =10 nN).

[13) diese Arbeit Mel~daten [ 12, 13]
Av in cm- 1, r in MHz

Al: Fil = fr + f"i 5,884 5,644 ± 0,233
F22 = fR + fRR 3,467 3,479 + 0,145
F33 = 0,99 fo + 0,01 f,' - 0,15 fo'. 1,414 1,707 0,093
F44 = 0.71 f1' + 0,29 (fc, + fati + f',, + f"~,,) +

0,004 fo + 0 ,13 %0g + 0, 18 f6V + 0, 11 f~y 0,863 0,598 0,023
F12  - -0,495 0,799
F13 0,320 0,311 0,144
F14  0,300 -0,012 0,213
F23 0,100 0,057 ±0,125
F24  - 0,092 0,291
F34  0,4913 -0,018 ±0,092

A2: Fm, = fa- f.- f'.& - f"~ 1,673
B,: Fa6 = ft-R 2,821

F77 = fa + f.. - f'm- f"aa 1,673
Fe7  0,530 wie [13)

B2: F 88 = fr - f" 5,165
F99 = fl- f.. + f'.m - f"am 1,914 I
Fag 0,700

A 11,37 11,8 11,33 ±0,05
AV2 0,07 0,8 0
A2'3 4,14 2,8 4,09 zh0,05

AN 0,08 0,2

LIV7 0,87
A 10,53 10,52 0,05

Av~g 2,48 2,42 0,1

Tyyyy -0,0 -5,9 - 7,8 ± 1,1
Tan: 2,1 - 3,2 - 4,9 ±1,0

T2-2,4 - 2,4 - 5,2 ±1,6

Kraftkonstanten der Rasse A, bleiben dann neben sich auch in einer unzureichenden Wiedergabe vonu
den 4 Frequenzeii, den Isotopenaufspaltungen ffir JV3 iul~ern.
vij und v3, (fojr V2, wurde keine beobachtet, V4 nicht go-
messen) 5 ~r-XWerte als Bestimmungsgrb5fen (wobei ab-initio-Berechnung der Krattkonstanten tUr SF,
in T, und T2 die Anteile der Rassen A2, B, und B2 Da sich also mit den derzeit bekannten experi-
abgezogen werden). Das Ergebnis der Iteration fin- mentellen Daten das Kraftfeld des SF 4 in der Rasse
det sich in Tab. I. Dio grol~on Standardabweichun. Ai nicht eindeutig bestimmen l5ast, sahen wir nur
gen zeigen, dalI diese Daten zu einer verniinftigen die Mbglichkeit, durch eine ab initio-Berechnung
Festlegung des Kraftfeldes nicht ausreichen, alle weiterzukommen. Zuerst wurden nur s- und p.
Nichtdiagonalglieder der F-Matrix ause~m11WnMli Fumktionen verwendet, fiur Schwefel ein 3-3-21 G.
F13 sind letztlich unbestimmt. Es ergibt sich ferner, Basissatz nach Hehre und Lathan [15], und Skancke
daI3 ale T-Werte auf~er Txxxx und T, wesentlich zu et al. [16], fuir Fluor emn 4-21 G.Basissatz nach Pulay
klein erhalten werden, und dies trifft nicht nur fUr et al. [17]. Die Berechnungen wurden nach der
das in Tab. I wiedergegebene Kraftfeld zu, rondern KrSA'temethode von Pulay [18] mit Hilfe des
auch fUr weitero, die wir unter Variation der Zu- TEXAS.Programms [19] durchgefiihrt. Analog zu
ordnung der Deform ationsschwingungen gemiiB frfl- Oberhammer und Boggs [20] stellten wir mit diesen
herer Vorschlfige [6, 7, 11] getestet haben. Weiter- Basissiitzen starke Abweichungen der berechneten
bin weist das berechnete Kraftfeld filr Al gegen- von der experimentellen Geomnetrie fest. Entspre-
iiber dem nur auq den Isotopenverachiebungen ab- chend unterseheiden sich auch die ffur diese beiden
geFschitzten [131 erhebliche Diskrepanzen auf, die Glcichgewichtslagen erhaltenen Kraftkonstanten-
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Tab. II. Durch ab initio.Reohnung erhaltene Kraftfeldor ffir SF 4 (Dimensionen wie Tab. I),
exp. Daten [13, 21].

Baaisaatz S: 3-3.21 G 3-3-21 G 3.3.21 + ld G
F: 4-21 G 4.21 G 4.21 G

Ort: exp. Geom. thoor. Geom. exp. Geom.

A1 : F1, 9,212 6,059 7,580
F2 2  6,049 4,523 4,886
F33 1,104 0,739 1,309
F44  1,125 1,033 1,233
F 12  0,698 0,584 0,756
F 13  0,041 -0,104 0,073
F 14  0,433 0,438 0,422
F23  0,065 0,155 -0,034
F 24  -0,176 -0,033 -0,051
F 34  0,488 0,498 0,513

A2 : F55  1,950 1,966 2,099
B1 : F66  5,028 3,888 4,073

F 7 7  2,237 2,268 2,413
F 67  0,658 0,679 0,784

B 2 : Fs8  9,133 6,136 7,320
Fp9  3,273 2,147 3,008
Fs9  0,541 0,625 0,624
vI (Avl) 892 (11,33) 1124,90 (13,08) 850,72 (10,36) 1033,31 (13,03)
V2 W 1V2) 558 (0) 727,11 (0,0) 708,71 (1,94) 648,29 (0,03)
v3 (AVr) 532 (4,09) 547,26 (5,12) 477,71 (2,91) 569,31 (4,72)
V4 (AV4) 228 (-) 223,72 (0,01) 153,88 (0,0) 248,50 (0,01)
vs (Av 5 ) [437] (-) 472,23 (0,0) 461,34 (0,0) 489,94 (0,0)
V6 (L1, ) 730 (13,13) 982,52 (17,18) 850,70 (14,67) 874,61 (15,68)
V7 (JV) 475 (-) 550,80 (1,30) 515,14 (1,19) 571,11 (1,08)
v8 (AVs) 867 (10,52) 1184,66 (15,59) 976,78 (12,84) 1054,18 (13,79)
Vg (Avg) 353 (2,42) 458,68 (2,76) 372,86 (2,14) 440,62 (2,68)

mit obigen BasimAtzen berechnet:
r (A) 1,545 1,628 1,559
R (A) 1,646 1,694 1,631
f(0) 101,60 110,0- 102,20
, (0) 173,1' 161,4' 169,7'

sitze (Tab. II) erheblich voneinander. Oberham- die Richtigkeit der Zuordnung, die ja lange Zeit in

mer und Boggs [20] zeigten, daB sich die Diskrepan- der Literatur kontrovers war [1-13], prtifen. Die
zen beziiglich der Geometrie durch Einbeziehung aus der ab initio-Rechnung erhaltenen Frequenz.

von d-Funktionen beseitigen lassen. Deshalb wur- werte stiitzen eindeutig die Zuordnung aller Va-

den auch von uns Rechnungen mit einer urn I d- lenzschwingungen und der Deformationen V4 und

Funktion (Exponent: 0,6) erweiterten Basis vorge- vg nach [6, 10, 13], die Besonderheit ciner schr

nommen. Die damit ermittelte'emAk stimmt hohen Deformationsschwingung in A1 (v3, nur knapp
nun sowohl mit [20] wie mit der aus Mikrowellen- unterhalb der Valenzfrequenz V2) wird bestitigt.
spektren erhaltenen [213 befriedigend iiberein. Den Die Alternative mit v -= 350 cm- 1 [11] kann man
zugeh6rigen Kraftkonstantensatz und die damit damit endgiiltig ausschlielen. Lediglihh die Zu-
berechneten Schwingungsfrequenzen und Isotopen- schreibung der Schwingungen bei 475 und 532 cm-1
aufspaltungen zeigt ebenfalls Tab. II. zu V (A1 ) undv7 (BI) (16, 10] einerseits, [13] anderer-

Zieht man in Betracht, daB bei derartigen Rech- seits) 1l0t sich nicht entscheiden, die Berechnung
nungen die Diagonalglieder der Kraftkonstanten- ergibt hier identische Frequenzwerte. Jedoch wird
Matrix und damit die Schwingungsfrequenzen im- die Zuordnung v- = 532 cm- 1 , V7 = 475 cm-1 (wie
mer zu hoch erhalten werden, insbesondere die Va- in [13]) durch die Isotopenversehiebungen (die ab
lenzkraftkonstanten und -schwingungen von X-F- mnitio alle etwas zu hoch erhalten werden) gestiitzt.
Bindungen [22-25], so kann man mit dem Ergebnis Wir haben diese Zuordnung dariuber hinaus durch
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1140 W. Sawodny et at. -Das Kraftfeld von SF 4

Tab. III. Das Kraftfold der Rame Ai filr SF 4 auf der Basis doe ab initio-Resultats (Dimensionon wio Tab. I).

nachiteriertoe Modifiziorungon:
ab initio.Fold a b c d

Fi, 5,533 ± 0,099 5,535 5,522 5,505 5,626
F23,724 ± 0,056 3,683 3,698 3,684 3,662
331,448 ± 0,229 1,458 1,456 1,465 1,447

F44  0,891 ± 0,138 0,876 0,879 0,880 0,873
F12  0,756 0,68 0,70 0,68 0,65
F13  0,073 0,12 0,11 0,10 0,13

F40,422 0,36 0,37 0,36 0,40
F23  -0,034 -0,034 -0,05 -0,034 -0,034
F 24  -0,051 -0,051 -0,07 -0,051 -0,051
F34  0,513 0,513 0,513 0,518 0,505

V1i (tb',) 890,60 (11,64) 891,07 (11,82) 891,15 (11,82) 890,96 (11,93) 891,03 (11,56)
"V2 (zJV2) 557,95 (0,21) 557,88 (0,11) 557,82 (0,04) 557,90 (0,15) 557,81 (0,02)
2,3 (Ziv,) 535,41 (3,81) 533,53 (3,80) 533,45 (3,86) 534,11 (3,69) 533,76 (4,03)
V4 (AV4) 227,56 (0,11) 227,77 (0,10) 227,78 (0,10) 227,71 (0,10) 227,75 (0,10)

rxxxx -11,5 -11,5 -11,5 -11,6 -11,2
Tyy - 5,5 - 5,6 - 5,6 - 5,6 - 5,6
Tzz - 2,1 - 2,1 - 2,1 - 2,1 - 2,1
Tx + 0,28 - 0,04 - 0,001 - 0,02 - 0,02
Tx - 1,9 - 1,9 - 1,9 - 1,9 - 1,9
Ty - 0,8 - 0,8 - 0,8 - 0,8 -0OS
Ti-12,6 -12,9 -12,9 -12,9 -12,9

T27 - 2,1 - 2,1 - 2,1 - 2,1 - 2,1

eine Messung dcr Polarisationsgrade der Linien bei kungstyps (Valenz-Deformations-Kopplung,-) deren
558 und 532 cm-1 (die Linien bei 475 und 350 cm-1 unterschiedliche Richtung (F6 7(exp) > Fs,(ab in.);
w.aren so schwach, dar3 ihir Polarisationsgrad nicht F8s(exp) < F 8 9(ab in.)). Dies muf3 nicht unbedingt
festgestellt werden konnte) im Raman-Gasspek- eine Unzuverlftssigkeit der ab initio-Rechnung si-
trum bestatigt: beide Linien sind im Gegensatz zu gnalisieren: Kontroll-Untersuchungen haben ge-
frifihercn Angaben [51 polarisiert. Fu~r die inaktive zeigt, daS etwa bei ciner Annahme von Fs7 =

vs (A2) laift sich aus der ab initio-Rechnurng emn 0,52 mdyn und F89 =0,65 mdyn (Abweichung vom
Bereich von 400-450 cm-' abschfttzen, so daB ab injito-Wert in gleicher Richtung und in gleichem
die Annahme vs =437 cm-1 [13] durchaus plau. Verh~Itnis) Kraftfelder erhalten werden, die fdr alle
sibel ist. gemessenen iiv keine gro2eren Diskrepanzen als

Angesiclits der Erkenntnis, daO die Diagonalglie- 5% (die T-Werte zeigen jiberhaupt keine Anderung)
der der Kraftkonstantcn-Matrix ab initio auf jeden aufweisen, was bei einer realistischen Einsch-Atzung
Fall zu hoch erhaiten werden, 10Jt sich mit einem der Mef~genauigkeit durchaus tragbar ist (jibrigens
einfachen Satz von Schwingungs-frequenzen unter weichen ouch die Diagonal-Kraftk-onstanten fiir
Festhaltung aller Nichtdiagonalglieder cine Nach- diese LMsungen urn nicht xnehr als 5% von denen in
iteration durchfiihren, die die Diagonal-Kraftkon- Tab. I ab). Trotzdem. iibernehmen Air fUr B, und
stanten den experirnentellen Werten anpa ~ B die in [131 aus den Isotopenverschiebungen er-
Kraftfeld ist fuir A, in Tab. III wiedergegeben. mittelten Kraftkonstanten und nehmen an, daB

Einen Hinweis auf die Qualitht der erhaltenen die ftir F67 und Fo9 beabachteten Untersehiede auch
Wechselwirkungskonstanten liefern neben friiheren ftir die Kopplungsglieder in A, den Rahmen der zu
Erfahrungen [22-25] auch die Ergebnisse fdr B, erwartenden Cenauigkeit aus der ab initio-Rech-
und B2 (vgl. Tab. 11 mit Tab. 1). Sie zeigen, daB die nung abstecken.
experimentell bestimmten Kopplungskonstanten Vergleicht man die Ergebnisse fuir diese Rasse,
F67 bzw. Fog von der ab initio-Rechnung in Vor- so ist festzustellen, daf3 die durch Iteration unter
zeiclien und GrdfBenordnung riclitig wNiedergegeben Einbeziehung auch der Zentrifugaldehnungskon-
werden, aber im Absolutwert Abw,ýeichungen zeigen. stanten erhaltene Lisung (Tab. 1) ulberhaupt nicht
Unerwartet ist angesichts des gleichen Wechselwir- den ab in itio-Werten entspricht. Bei der nur aus den
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W. Sawodny at al. -Daa Kraftfeld von SF4  1141

Isotopenverachiebungen abgeschf~tzten L~isung [13] daB T..,, negativ wird. Bei der LUntersuchung, wel-
sind zumindest die Konstanten F 14 und F 34 Ahnlich, chen Einflul3 die Nichtdiagonalglieder einzeln auf die
die auch im ab initio-Feld die grli~ten Werte besit- M.Neldaten haben, zcigte sich, daO dieser bci F23 und
zen (die dritte derartige Konstante F 12 beschreibt F 24 au]Berordentlich gering ist, fUr F 34 hingegen ex-
nur einen Potentialeffekt, der durch die Isotopen- tremn stark: schon eine Anderung unter 0,0 1 mdyn. A
verschiebung nicht erfaf~t werden kann, da das zu- verschiebt erheblich, jedoch werden gleich-
gehorige G12 = 0 ist). Trotz der Abweichungen der zeitig V5, Jv3' und Avi so sehr in negativem Sinne
ilbrigen Nichtdiagonalglieder zeigen die Diagonal- beeinflul~t, daO dieser Effekt koum genutzt werden
kraftkonstanten eine erstaunlich gute tYbereinstim- kann. Eine Verkleinerung von F12, F 14 und eine
mung, emn Hinweis, daBl diese Kopplungskonstan. Vergr~ferung von F13 wirken beziiglich rxxyy in der
ten wohl nur von geringem. EinfluB auf sie sind. gewUnschten Richtung, wenn ouch nicht stark. Sic

Betrachtet man die Wiedergabe der experimen- wurden daher alle drei gemeinsam geindert, umn
teilen Doten durch dos nachiterierte ab initio-Feld sich nicht mit einer Gr6I8e alizuweit vom ab initio-
fiur Al (in Kombinotion mit den exporimentell or- Wert zu entfernen. Tab. III zeigt 4 solche Kraft.
mittelten Kraftkonstanten fiir B, und B%), so wer- folder (Modifizierungen o-.d), bei denen die Nicht.
den die Isotopenverschiebungen gut reproduziert, diagonaiglieder gemsfl dieser Erfabrungen fcstge-
die r-Werte zeigen bingegen noch groilre Diskre- legt wurden. Sic reproduzieren aile Daten etwa
panzen als bei der Iteration nach v, zAv und r go- gleich gut. Auf die Diagonalkraftkonstanten hialen
meinsam. Do aber die -r's wegen anharmonischer diose Anderungen kaum Einflull, und man kann
Effekte weniger zuverlissig sind und zudern noch wohi davon ausgehon, daO die korrektc L6'sung fur
im Gegensatz zu den Isotopenverschiebungen eino die Raise Al des SF. tatsiichiich in diesemn eng um.-
wesentlich geringere Meligenauigkeit oufwoisen, or- scbriobenon Bereich liegen wird. Daraus ergeben
scheint dies ober trogbar, jo man muB sogar vor- sich fur SF4 folgende Valenzkraftkowstanten
muten, doB dos vollig ondere Kiraftfeld bei der Ite- f,(S-Fq) =5,36 mdyn/,A (frr 0,10 mdvii/A);,
ration nach allen experimentellen Doten gerade fx(S-F.A) = 3,0.5 mdynfA (fRR 0.43 mdvn/A). Die
durch das Bemiihen urn eine Angleichung der -r- rnittleren Schwingungsamplituden bei 298'K ffir
Werte, die aber trotzdem nur bei r . und T, all diese Lbisungen betragen (in A, in Klamniern
innerhaib der angegebenen [121 Fehlcrgrenze or- experimontelle Werte [14]): SF&,,: 0,048 (0,047 _
reicht wird, verursacht ist. Beim ab initio-Feld wer- 0,005); SFq: 0,041 (0,041 ± 0,005); Fem 0,074
den fuir alle T's zu niedrige Werto erhalten, T, (0,068 ± 0,01); Fa.Fcq: 0,069 (0,067 ± 0,005);
konnte aber durch eine Erniedrigung von Y3 (A2) FaFaz: 0,060 (0,059 ± 0,01) und entsprechen so
angeglichen werden (ffir v3 400 cm- 1 : T, = don Werten, die auch mit dem Kraftfeld in [13] or-
- 14,8 MHz). Jedoch zeigt sich bei ihm fdr dont halton wurden. Auch Eigenvektoren und Potential.
ebenfalls im Sumrnenousdruck T, verborgenen energieverteilung stimmen weitgehend mit den Er-
rxx-y sogar eim positiver Wert, wos nicht m6glich gebnissen von [13] fiberein, inshesondere was die
ist. Es ist also zumindest erforderlich, die Nicht- vsllige Mischung der Symmetriekoordinaten 83 und
diagonalglieder des ab initio.Feldes so zu variieren, S4 in den Scbwingungen Y3 und v., onbetrifft.
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Contribution to; :norganic Reactions

ind Muttihds

2.2 The Formation of the Halogen - Halogen Bond

2.2.7 Preparation of Halogen Oxyfluorides

Halogen oxyfluorides can be prepared by reaction.; involving the formation

of either halogen-fluorine or halogen-oxygen bonds. Since this chapter deals

exclusively with the formation of the halogen-halogen bond, preparative

methods for ha'ogen oxyfluorides based on the formation of halogen-oxygen

bonds are not included in the following discussion.

2.1.7.1 By Reaction of Halogen Oxides with Elemental[ .Fluorine

The interaction of F with chlorine oxides, such as CI02 ], 6-76

18 2 68]
or Cl2 07  , produces FCIO2 . Essentially quantitative yields of FC10 2 are

obtained with C10 2 as a starting material and moderated reaction conditions.

k Particularly, the use of inert solvents,such as CFCI 3 , or diluents, such as

air or N are recommended to avoid hazards due to the explosive nature of
2'

the chlorine oxides. In the case of the higher chlorine oxides, the use of

elevated temperature and the decreased yields of FCIO 2 suggest that the

primary step in these reactions involves the thermal decomposition of these

chlorine oxides to CIO2 which is then fluorinated. Therefore, all of the

above reactions are likely to involve the step:

2C0102 F<-2FCIO
2 2

In view of the shock sensitivity of chlorine oxides, none of the above

methods is recommended for the large scale production of FC10, and nece.ssary

safety precautions must be used. The recommended method for the preparation

of FCIO is the reaction of NaClOý with CIL. (see section 2.2.7.6).

The low temperature (- 78 C) fluorination of C0l. with clerental flucriine
[9)

produces CIF 0 as the main pr•.uct. Depending on the reaction conditions,

the by-products can be eithcr CIF or CiF_:

RI/RD81-itO
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! 2F2 + Cl 20 • ClF3 0 . CIF

S3F + CI 0 - CIF 0 + CIF2 2 3 3

Khen no catalyst is used or if KF and NaF are present as catalysts, CIF is

the main by-product. When the more basic alkali metal fluorides, RbF and

CsF, are used, CUF 3 is the favored coproduct. The formation of ClF3

rather than CIF is presumably associated with the more ready formation of ClF2,

intermediates with RbF and CsF. Yields of CF s0 from Cl 20 are rather varia-

ble and nay be affected by the particular alkali fluoride present. Yields

"of over 40% have been consistently obtained and have reached over 80% using

[101
either NaF or CsF. Since NaF does not form an adduct with CIF 3 0O

stabilization of the product by complex formation does not seem to influence

the CIF 0 yields strongly.

Owing to unpredictable explosions experienced with liquid C12 0, attempts

were made to circumvent the C120 isolation step. For this purpose, the

* : crude Cl 0, still absorbed on the mercuric salts, was directly fluorinated.

Again, CIF 30 was formed, but its yield was too low to make this synthetic

Fl route attractive.

The fluorination of solid Cl 20 to CIF30 proceeded at temperatures as low

as -196°C provided the fluorine was suitably activated by methods such as

Sglow discharge. Unacti\ated fluorine did not interact with C1l0 at -196°C.

3
•.•,. ' The relatively low yield of CIF 0 (1-2%) makes this modification impractical. ,

Due to the shocksensitivitv of Cl1O, its fluorination reaction is not

the preferred method for the preparation of CIF.0. Replacement of Cl 0 by3U
the more stable CIONO2 results in a safer process (see Section 2.2.7.S).

By analogy with CIO2 , Bro2 is readily fluorinated by elemental F, to H

give FBrO2 in high yield:
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2BrO + Pr2 F2 • 2BrO2

However, direct reaction with F2 is not practical because, even at -78 0 C, the

reaction is exceedingly vigorous resulting in spontaneous decomlosition of

the BrO2 and explosions. Liquid CI or perfluoropentane have successfully

been used as a diluent to moderate the reaction. BrO2 is not soluble in

"these solvents and must be suspended. Again, this method is not recommended

for larger scale preparations of FBrO2 and appropriate safety precautions must

be taken.

The fluorination of 1 0 with elemental fluorine in anhydrous HF was

"[12]
repor.ed to result in the formation of PIO2 . This claim, however, was

['33S{[13]
refuted by a subsequent study which showed that anhydrous HF quantitatively

Converts 1205 or FIO to IF
25 2 5'

2.2.7.2 By Reaction of Halogen Oxides with Fluorinating Agents other
than I2

In the FC1O 2 synthesis from C1O 2 and F2 , the latter can be replaced by

other fluorinating agents. Thus, the passage of CIO 2 , diluted by N,, over[14] CFi[

AgF (14]or CoF at room temperature produced pure FCIO1 in high yield.
2 3

.4
AgF. + CiO, AgF + FCIO

2

The consumption of the AgF 2 can be readily followed by the color change

of AgF, (dark brown) to AgF (yellow).

Halogen fluorides can also be used to fluorinate CIO., to FCIO.. Thus,

the passage of CIO through liquid BrF.. at MOC has been reported to pro-

ceed according to

6C10 2  2BrF 3 - 6FCIO, ÷ Br2

The risk of explosions in the CIO2 " AgF, reaction is somewhat reduced
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when is 0 Th yield of FCIO was
when CIO is replaced by the less dangerous Cl20. Me y

3 tS-16 Similarly, C120 can be fluorinated at -78 0 C with either CIF

2C1 0 + CIF * FCIO2 21CI

orci~o18~ 2 2 2SC F 1[18 ]
orCI30

Cl 0 + CIF. 0 FCO2 + 2CIF
2 2

In these two reactions, the unstable FCIO molecule is probably formed as an

intermediate which can readily disproportionate to yield FCIO and CIF (see
2

Section 2.2.7.4).

The fluorination of Cl 0 with a variety of fluorinating agents was
2 6

also studied and yields FCIO2 as the principal product. Fluorinating agents
21

used with Cl206 include BrF3 or BrF,, [19]HF[20], and FNO [4 The latter
26 3att2

i reaction was carried out in CFCI solution at 0C and proceeded according to:

dO 2 026 + FNO 2 
4 FCIO2 + NO2 CIO4

These reactions of C1206 were carried out at low temperatures at which decompo-

sition of Cl20 to 2CIO +0 canbe excluded. However, they can be rationalized in

terms of the easy polarization of Cl 0 to CO01 CIO-
2 6

CIO 2 CIO 4 ýNO2 4 NO2 CIO4 2FCIO2

The ionic structure of CIOb in the solid state has been established by

vibrational spectroscopy
Fluorination of BrO to FBrO2 is readily achieved by the use of BrF- as

a fluorinating agent 112,22)

"lOBrO, + 2BrFs drBro + Br,

The reaction is carried out at -55° 0 in liquid BrFo., and the FBrOC is separated

from the Br 2 by-product and excess of ErF by vacuum fractionation. This

reaction can be further simplified by preparing the BrO, in situ by passing

03 through a solution of Br 2 in BrF[5 1[ 22,3]
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lOBrO2 + 2BrFS- lOFBrO + Br22 22

The reaction is carried out a -55°C in liquid BrF% and the FBrO2 is separated

from the Br2 by-product and excess of BrF by vacuum fractionation. This

reaction can be further simplified by preparing the BrO in situ by passing
2

03 through a solution of Br, in BrF 112,22,23)

"A. BBrF5 + 2Br2 + 10 003 i FBrO2 + 10 02
"Khen TO5 is dissolved in boiling IF,, white hygroscopic needles of

IF 3 0 separate on cooling of the solution124]

1 02 3IF + 51F 0

A modification of this reaction was used to 2 5 ]prepare KIF 4 0 according to:?4

SKF * I205 + 3iF5 - SKIF 4 0

2.2.7.3 By Reaction of Halogen Oxyfluorides with Fluorinating Agents

The fluorination of a chlorine oxyfluoride to one of higher oxidation state

is a difficult task due to the scarcity of stable low (+III) and high (+VII)

oxidation state oxyfluorides. Thus, there is only one case known,2'42 where

FCIO2 is fluorinated by the very strong oxidizer PtF6 according to:

2-FCIO2 + 2PtF -0 CIF 0 PtF 4. ClO2 PtF6
2 6 2 2 6 26[

Several side reactions compete with this reaction and the yield of C1Fý0,

varies greatly with slight changes in the reaction conditions. The CIF,20 PtF6

can be converted to CIF302 by a displacement reaction using FNO 2:

' CIF'O2 PtF6 ÷ FNO -' NO +Pt!' - CIF3 0
~2 6 6 + 32A scrambling of oxygen and fluorine ligands was achie\ed in the synthesis of

CIF 0 from various mixtures of chlorine, fluorine and oxygen containing start-

ing materials using uv-phctolysisI'I 3 0 ] The claim[3 0 1 for the formation of

CIFs0 in the uv-photolysis of the CIF5-OF, syst\ m could not be confirmed by

work in other laboratories[31)
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A detailed kinetic study, of the photolyses of the CIF- 02 and of the

C12 F2 02 systems was carried outIS2J. Contrary to the original report

[28) the rate of CIF0 formation was demonstrated to be the same for both

systems, to increase with 02 concentration, and to be independent of irradia-

tion time. Furthermore, the rate of CIF 3 0 formation was shown to be propor-

5 ' tional to the intensity of the 1847 R band of the Hg spectrum indicating that

the dissociation of 02 to two ground-state, p, oxygen atoms is the primary

photochemica' process. The following mechanism was proposed which requires

•..i the photochemical dissociation of Clr as well:

hv(1847 R)

02 O: 0

hv(2000-3300
CIFK Ol 2  F

S0 + C IF 2 - p C 2 0

"ClF0 + F CIF 0 2 F
2 2 3LF

The photolysis of CIF3 was investigated under similar conditions. A

photochemical steady state was quickly achieved, where [F, = (CilF] =a[CEiF.],

. and a has a value of about 1 at low and of about 3 at high pressures. Those

:-•3
results together with the knowrn photochemical decomposition of OF, [ explain

why CIF-0 can be readily generated by the photolysis of so many different

st.arting materiais,including the halogen oxyfluorides FCPO FCI0O and IF 0.
2'

For bromine oxyfluorides, fluorinations with the powerful oxidizers PtF 6

and KrF have been studied. With PtF the following reactions were observed [34]

ZFBrO7 + SPtFP 2BrF0 PtFt O, PtF - 2PtF
4 -626 6 6

SPtF5 + FBr02 -- BrO Pt"

2PtP 2FBrO 2B0 PtF + F,
6 2 2 6
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but no evidence for the formation of BrO2 2  was obtained. Similarly, the

reactions of KrF2 with either FBrO BrF30 or FBrO315S-36jdid not produce any
2' or Fr 3 

5 3  dnoprueay

novel bromine ÷ VII compounds, but proceeded according to

2FBrO + 2KrF2-'- 2BrF0 + 2Kr + 0
2 2 3 K 0 2

'I2BRF 0 + 2KrF ----- 2BrF + 2Kr + 0
3 2 5 2

Iodine (+V) oxyfluorides or o.ide are fluorinated by BrFS to yield

FBrO, and IF,,

21 05 SBrFs --- SFBrO2 + 41F5

25

21F 30 + BrF ------ FBrO2 + 21F 5

but heptavalent IF 3 2 or its AsF5 or SbF5 adducts are fluorinated to give IF 5 01 36]

21F 0 + BrF ------- 2IF0 + FBrO
3 2 55 2

IF 0 AsF * BrF -- IF 0 + BrF 0 As6
3 2 5 5 S 2 6

The addition of HF to IF 0 results in the formation of OIF 0H13 73. This
3 24

reaction is reversible
+HF

IF30 4 HF -- OIF OH.- 2 +S0 3

and represents an example for the addition of HF across a X=O double band

with formation of a new X-F bond.

2.2.7.4 By Disproportionation of Haiogen Oxyfluorides

The thermally unstable compound FC1O is knowm[t 1 38 to readily dis-

proportionate at room temperature according to

2FC1O -- FCIO2 CIF
2

This reaction explains the formation of FCIO and CIF in reactions where

FCIO would be the expected reaction product (see Section 2.22.,2).
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Iodine trifluoride oxide is stable at room temperature, but at 100 C

undergoes a reversible change into IF 5 and FIO 2124]

21F 0 --- IF5 + Fl0 2
35 2

This reaction is also involved in the thermal and photochemical decomposition

of IF 0 according to
3 2

21F3 0 2- 21F 3 0 * 02

21F0 -0 -1-F FIO+

'2.2.7.5 By Reaction of Positive Halogen Compounds with
Fluorinating Agents

For the synthesis of CIF 3 0 the fluorination of CIONO2 with F2 at -35°C19]
2 2

is most attractive.

2F + ClONO ---- • CIF 0 + FNO2 *2 3 2

Contrary to chlorine oxides, CIONO has the advantage of not being shockU,. 2

sensitive. Other advantages include (a) less fluorine is required than in the

fluorination reactions of C12 0 which yield COF 3 as a coproduct, (b) the great

r- difference in the volatilities of the products FNO 2 and COF 3 0 CLTbpiO0 C)

permits an easy separation by fractional condensation, (c) CMONO 2 can be

prepared more conveniently, and (d) yields of C1F 3 0 are somewhat higher.

In the fluorination of CIONO2, side reactions compete with the actual

fiuor.i.aticn step. These are caused by thermal decomposition of the starting

material due to inefficient removal of the heat of reaction. Hence, the rate

- . of the competing reactions is markedly affected by the reaction temperature.

At reaction temperatures near or above ambient, the decomposition of the

Shypochlorite appears to be favored and little or no CIFO0 is formed, resulting

in rapid, rathcx uncontrolled reactions. "Apparently, thermal decomposition
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preceding the fluorination step yields only intermediates incapable of pro-

ducing CIF 30. Thus, in order to maximize the desired fluorination reaction,

long reaction times at low temperature (T<00 C) are indicated.

Similarly, CIOSO2 F interacts with CIF 30Or1]

2CIOSO 2F + CF 30 -- FC1 O * 2C1F 920SF2
and

CIOSO2 F + CIF 0 -- FCIO + CIF + SO F

3 2 2 2

There reactions can be rationalized in terms of a reduction of CIF 3 0 to the M

unstable FC1O which jeadily decomposes to FCIO2 and CIF (see Section 2.2.7.4)

Y 2.2.7.6 By Reaction of Halogen Oxyacids and their Salts with
Fluorinating Agents

j: •Whereas the fluorination of halogen cxyacids generally results in the

[ 39]formation of the corresponding fluorooxy compounds

HOCiO 3 + rF FOCiO + Hr
3 2 3

• •the fluorination of the salts of these halogen oxyacids is a more useful

method for the synthesis of halogen oxyfluorides. The nature of the halogen

oxyfluoride product depends on the starting material and on the reaction condi-

tions chosen. Thus the fluorination of perchlorates can be used as a high

yield synthesis of perchloryl fluoride. Heating of KCIO 4 to 700 - 120°C in

an excess of SbF 5 produces FCIO3 in S0% yield[40] The yield of FCIO can

be increased to 90% and the reaction temperature can be lowered to 200 - so°C,

when a mixture of HF - SbF. is used Slightly lower yields were obtained

when the HF solvent was replaced by AsF, IF,, or BrF

Most of the comnercial processes are based on the use of HOSO.F[421.

Evolution of FCIO starts at 50°C and goes to com-pietion at 8S - ii 0 C.

The yields of FCIO vary from 50 to 80°[5'42-44 and, if necessary, the

RI/'RD81-140
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_HOSO 2 F can be regenerated[ 4 3 . If desired, the reaction can be carried out

in glass apparatus. The influence of certain additives on the yield of

FClO. was studied[ 4 5 . The addition of S to 25% of SbF to the HOSO FS3,

increases the yield of FCIO3 to 90% and higher but hinders the regeneration

of HOSO2F. The addition of HF-- BF increases the FCIO3 yield to 85% but
33

requires elevated pressure. Zinc, aluminum, silver, and lead fluorides were

found to decrease the yield of FCIO..

The highest yield of perchloryl fluoride (9Th) was acheved with a

mixture of fluerosulfonic acid and SbF 5 as fluorinating medium. Potassium,

sodium, lithium, magnesium, barium, calcium, and silver perchlorates and

-erchloric acid itself undergo the reaction. Commercial reagents are used

and their additional purification is not necessary; unlike all the previous

"methods the preparation of perchloryl fluoride by this method can be carried

out at room temperature. At high temperature (100 -135 0 C) the reaction time

is 1 - 10 rain in all, which allows the process to be carried out continuously

in a packed column. The purity of product obtained after the usual purification

*• i reaches 98% and over; air and carbon dioxide are present as trace impurities, 4 6 ]

The exact mechanisrm of the reaction between CI0 4 and superacids has as

yet not been established, although nimerous cmmnents on it were published

[12,41, 47-j Based on the present understanding of superacid chemistry

"[51-S3]and of the complex formation of FCIO, a mechanism involving CiO..

as an intermediite is very unlikely. Furthermore, the high yields of FCiO.

(up to 97%) would be surprising in view of the eyxected instability of

CIO. Other mechanisms, such as the one shlin., involving protonated
perchlori aci[54) -

perchroric acid are more plausible;

"~RI,'RD81- 140
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4HP 2SbF5 .---- 2H F ' Sb 64 4 .

ClO 4  + 3HF 4 2SbF 5---. FC1 3  H3 + 3 2SbF 6

•:",Other methods for the synthesis of FCIO3 from metal perchlorates include

the electroiysis of a saturated solution of NaClO4 in anhydrous HF with a

current efficiency of 10055]and the fluorination of NO2 CIO4 b;" CIF3 at

room temperature which results in the formation of FCIO3 and smaller amounts

2f FCI0, CIO and CIN0 The corresponding reaction of !'CV' with BrF

[57)was reported to yield PCIO2 in 97% yield.

3KC104 + 5BrF 3_- 3yrF 4 + Br2 4 30 * 3FCi024 3

If the MCIO 4 starting material is replaced by MCIO 3 , the rain fluorinationF4

product is generally FCIO2 , For example, the reaction of NaClC3 with an equi-

molar aount of CIP 3 produces FClO2 in high y [57 Thi r. hod is based

on previous reports that gaseous CIF3 reacts with KC193 to give FClIO!

in high yield. The substitution of KCIO3 by NaCIO3 is sitnmficant since the

product NaF does not f'rm an adduct with CIFV whereas KF does. Thi s decreases

by 60% the amount of CIF 3 required for the reaction. B>' analogy with the KCiO

- BrF_ reaction the idealized stoichiomctry of the above reaction is

6 NaClO + 4CIF -- 6NaF + 2CI2 30 4 6FC1O
3 3 2 2

The use of a s~ight excess of CIF. is recommended to avoid the possible formation

of shock-sensitive chlorine oxides. The KCIO3 . BrF reactionL59]
3

--3 + -OBr -- 6KBrF% + 2Pr2 ÷ 302 + 6FCIO 2  I
also produces FClO1 in high yield, but it is difficult to obtain pure color-

less FC1O 2 by this method.

V "RI/RD81-140
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'e fluorination of KCIO 3 with elemental fluorine has also been studied

[Ss 60-622 but is not synthetically useful foT preparing FClU2 due to the

large amounts of FC1O 3 always formed.

The low temperature fluorination of NaClO2 with F2 produces FClO2 as the

;main product, howeveýr, small imounts of ClF O were also obtained in addition

to CIF., CiF and C1

t ' " The fluorination of alkali metal perbromates with IF and Lewis acids is

analogous to that o. the perchlorates and produces FBr- 3 as the main product

in high yield. The reactions were carried out in HF solution osing SbF5 ,

AsFsi BrF5 cr BrF6  AsF 6  ' l"

KBrO4 + 2AsFS * 3HF--- FBrO + HOAsF6" + KAsF 63 3 6

2KBrO4 ÷ Br6F + 2HF ---- 2FBr 3 3 + FBrO2 + 2KHF 2  K
4 +6 3 5 +2  2Ks

2KBrO4 * 2BrF AsF o- 2FBrO * 2BrF 06 2YksF

1253
In the absence of HF, CsBrO4 was found to react with BrF5 and F2 at
roora temperature to produce CsBrF 0 as the solid and FBrO and FBrO as the

tepraue4 2

volatile products Potassium perbronate was less reactive than the cesium

sait and required prolonged heating to 80°C to achieve a substantial con-

version to KBrF 0. In the absence of F,, the conversion of CsBrO, to

CsBrF 0 was very low, even at 80°C, and was not cata4;-e8 by HF.

.he reaction of KBrO with BrF is rather complex. According to the I-
3 5

i221
orginal report, KBrO reacts with BrF5 at -50°C according to

3 S"•.:• ~2KBrO3 2BrF -.--- 2K~rF• * 2FBrO. " O

Subsequent work showed that the reaction of KBrO witA equiiolar P-unts

of BrF_ at room temperature proceeds according to

2KBrO . 2BrF- - 2KRrOPF' + 2BrY. * 0,
33

RL,1RD81-40
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and that the reaction is rather Slow when a large excess of BrP is used, It

was also reported [661 that KBYO.. and BrF at a mole ratio of 12.S did not react

appreciably at room temperature, but that a rapid reaction occurred when catalytic

amounts of HF were added. The solid product of this reaction consisted of

KBrOr2F and KBrF40, and F~rO. was produced as the volatile product. The possi-
2 2 K r 4O

ble formation of KBrF 4 0 in this system was esby showing that the

use of a large excess of BrFS and F2 at 80°C can result in quantitative forma-

zion of KBrF 4 0. This reaction, however, can be difficult to duplicate and

can easily result in the formation of KBrF4  5 ] The KBrO3 * BrF5 reaction

was further modified 66 by re.acting KBrF 6 with KBrO3 in CH CN solution,
6 3

CH CN
KBrF + YBrO -KBrO2F KBrF406 3 2 4

The KBrF4 0 produced is slightly soluble in CH3 CN, whereas KBrO2 F2 is not.

Therefore, the two products can be separated by extraction with CH CN.
!3.

Fram a mechanistic point of view, the reactionsof BrF 5 with BrO3  or

BrO are very interesting since they involve an oxygen-fluorine exchange.

44• • ~On the basis of the observed quantitative yields of BrF4 0", a free radical i

mechanism involving the addition of oxygen atoms to bromine fluorides is

extremely unlikely. A nechanism involving the addition of BrF, or BrF

across a Br=O double bond of BrO4  or BrO , followed by FBrO or FBrO,

elimination with BrF 40 formation, appears plausible, but requires further"

experimental support.

The fluorination of pcriodates has also been studied in detail. For

example, Ba 3HI0(1 2 is fluorinated by HSOF to tetrafluoro orthoperiodic

acid 37] H]

Ba 3 H4 (10 6)2-- ' HOIF 40

:, RI/RDSI-I40
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The same compound is also formed from solutions of HOI0 3 or NaIO4 in anhydrous

HF. [68] When CsIO4 is repeatedly treated with anhydrous HP and the solvent is

pumped off, the less volatile acid HOIF 4 0 displaces HF from the CsHF 2 with

quantitative formation of CsiF 4 02 (cis:trans =2:1).[693 This reaction represents

a convenient synthesis for IFO0 Salts.
42

-1 csio * 6HF . CsHF + HOIF 0 4 2H 0
4 2 4 2

-HF
CsHF2 + HOIF 40 - CSIF4 0 2 2HF

"With elemental fluorine at 60°C, CsIO4 was converted 69to mainly CsIF8 and

CsIF 6, but the product also contained lesser amounts of CsIF 0 and cis- and

trans- CsIF 0 2 Wiht a large excess of CIF5 at room temperature, CsiO4 was

slowly converted to CsIF8, trans CsIF 4O2 and some CsIF 0. Wiht the more
4

reactive fluorinating agent COF 3 , complete conversion of CsIO 4 was obtained

at ambient temperature according to:

3CsI0 4 + IlCIF 3---6FCIO2 + 3CIF + 2CsCIF4 + CsIF6 ' 21FS

Wi th BrF the main reaction can be described by

CslO4 * 2BrF5_•--CsIF 0 + 2BrF.0
4~ 42

17 0This reaction is analogous to that reported for KIO and IF, i.e.

KI04 2IF-- KIF402 + 21FWO

and produces alr-ost entirely trans IF 0 Under the experimental conditions
42

(120 0 C, vacuum) used for the removal of the excess IF, the IF 30 disproportion-

ates according to

21F 0 FloFO + IF 5

resulting in FlO, and KIF 0 as the final products. Cw.npared to the IF-
4 2

reaction, the BrF5 reaction offers the advantage that tl.e BrF 3 O rand BrF. by-
3 'J

""RI/RD8-140
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products are volatile and can easily be pumped off. However, the resulting

solid product is contaminated with CsBrF,.

The fluorination of iodates has also been studied. Whereas the fluorina-

(713
tion of HIO 3 in aqueous HF results in the formation of the 1O F anion

3~2 2
solutions of NaXO3 in anhydrous HF contain IF5 [13]. With IF 5 as a fluorina-

3[72]
ting agent, MIO 3 or KIO 2 F 2 produced the corresponding XF4 0 salts

MIO * 2MF + 21F - 3MIF0 (M-Cs, K)

K10 F + KF + IF--'- 2KIF 0

22 2 4

2.2.7.7 By Elimination Reactions

Very little is known on reactions involving the elimination of halogen

oxyfluorides. The only reaction reported in the literature is the CsF catalyzed

FC1O 3 elimination of fluorocarbon perchloratest/3]
CsF

RfCF 2 OCIO 3  RC 0 + FCIO

This reaction proceeds at 60°C in nearly quantitative yield and probably

involves the attack of the CF carbon atom by the fluoride anion, followed
2

by an internal nucleophilic displacement reaction and FCIO elimination.

F2

1Rf- C-

-Cl0

• 0 0

.The -reactions of BrF. with BrO or BrO (see Section 2.2.7,6) may also

involve similar intermediates whict decompose with FBrO, or FBrO- elimination.

•.,. However, these intermediate.; have as .vet not been isolated.

RI/RD81-140

. . _ _ L-15



-16- .

RErEtNCES

[1] H. Schmitz and H. J. Schumacher, Z. Anorg. Al g. Chem., 249, 238 (1942).
(23 P. J. Aymn o no, J. E. SIcre, and H. J. Schur•acher, J. Chem. Phys., 22,

756 (1954).

133 J. E. Sicre and H. J. Schumancer, Z. Anorg. Allg. Chem., 286, 232 (1956).

[43 M. Schmeisser and F. L. Ebenh~ch, Angew. Chem., 66, 230 (1954).

[5] W. Kwasnick in "Handbook of Preparative Inorganic Chemistry" (G. Brauer, ed.),
2nd ed., Vol. 1, p 1-5, Academic Press, New York, 1963.

[6] A. J. Arvia and P. J. Aymonino, Spectrochim. Acta, 19, 1449 (1963).

[7] A. J. Arvia, W. H. Basualdo, and H. J. Schumacher, Z. Anorg. A11g. Chem.,
286, 58 (1956).

[8] R. V. Figinil, E. Goloccia, and H. J. Schumacher, Z. Phys. Chem. (Frank-
furt am Main) [N.S] 14, 32 (1958).

S93 D. •'i" ipovich, C. B. Lindahl, C. J. Schack, R. 0. Wilson, and K. 0. Christe,
Inorg. Chem., 11, 2189 (1972).

[10) K. 0. Christe, C. J. Schack, and D. Pilipovich, Inorg. Chem., 11, 2205,. , (1972).,:

[11 MH. Schmeisser and E. Pammer, Angew, Chem., 67, 156 (1955).

1123 M. Schmeisser and K. Brandle, Adv. Inorg. Chem. Radiochem., 5, 41 (1963).

[13] H. Selig and U. EI-Gad, J. Inorg. Nucl. Chem., 35, 3517 (1973).

[14] M. Schmneisser and K. Fink, Angew. Chem., 69, 780 (1957)

[151 Y. Macheteau and J. Gillardeau, Bull. Soc. Chim. Fr., 4075 (1967).

[16] J. Gillardeau and Y. Macheteau, French Patent 1,527,112 (1968).

[17] K. 0. Christe, Inorg. Chem., 11, 1220 (1972).

[18] C. J. Schack, C. B. L;ndahl, 0. Pilipovich and K. 0. Christe, Inorg.
Chem., li, 2201 (1972).

[19] R. Weiss, Ph.D. Thesis, Techn. Ur iversity,Aachen, Germany(1959).

[20] M. Schmeisser, Angew. Chem., 67, 453 (1955).

[21] A. C. Pavia, J. L. Pascal and A. Potier, C. R. Acad. Sci., Ser. C 272,
1495 (1970).

RI/RD81-14Q

L-16



L. IIi\-17-

[221 M. Schmeisser and E. Pammer, Angew. Chem., 6j, 781 (1957).

[233 M. Schmelsser and L. Tafiinger, Chem. Ber., L_. 1533 (1961).

[24) E. E. Aynsley, R. Nichols and P. L. Robinson, J. Chem. Soc. 623 (1953);
E. E, Aynsley, J. Chem. Soc., 2425 (1958); E. E. Aynsley and M. L. Hair,
J. Chem. Soc., 3747 (1958).

[25) K. 0. Christe, R. D. Wilson, E. C. Curtis, W. Kuhlmann and W. Sawodny,
Inorg. Chem., 17, 533 (1978).

"1261 K. 0. Christe, Inorg. Chem., 12, 1580 (1973).

[27) K. 0. Christe and R. D. Wilson, Incrg. Chem., 12, 1356 (1973).

[28) D. Pilipovich, H. H. Rogers and R. D. Wilson, Inorg. Chem., 11, 2192
(1972).

[29) R. Bougon, J. Isabey and P. Plurien, C. R. Acad. Sc., Ser. C271, 1366
(1970).

S[301 K. Zuchner and 0. Glemser, Angew. Chem., 84, 1147 C1972).

[31] K. 0. Christe and C. J. Schack, Adv. Inorg. Chem. Radlochem., 18, 319
(1976).

[32) A. E. Axworthy, K. H. Mueller, and R. D. Wilson, "Photochemistry of
Interest as Rocket Propellants," Final Report on Contract No.AFOSR-
TR-73-2183 (1973).

[33) R. Gatti, E. Stavicco, J. E. Sicre and H. J. Schumacher, Z. Phys. Chem.
(Frankfurt am Main) N.S. 2_3, 164 (1960).

[34] M. Adelhelm and E. Jacob, Angew. Chem.. I Ed. Engl., 16, 461 (1977).

[35] R. J. Gillespie and P. Spekkens, J. Chem. Soc. Dalton Trans., 1539 (1977).

[36] R. J. Gillespie and P. H. Spekkens, Israel J. Chem., 17, 11 (1978);
R. Bougon, T. Bui Huy, P. Charpin, R. J. Gillespie, and P. H. Spekkens,

* J. Chem. Soc. Dalton, 6 (1979).
[37] A. Engelbrecht and P. Peterfy, Angew. Chem., Internat. Edit. Engl.,

S8,768 (1969); A. Engelbrecht, P. Peterfy and E. Schandara, Z. Anorg.
Alig. Chem. , 384, 202 (1971).

[38] T. D. Cooper, F. N. Dost and C. H. Wang, J. Inorg. NucI. Chem., 34,
3564 (1972).

[39) G. H. Rohrback and G. H. Cady, J. Amer. Chem. Soc., 69, 677 (1947).

[40] A. Engelbrecht, U. S. Patent, 2,942,947 (1960).

RI/RD81-140

L-17



- i

S18-

[411 C. A. Wamser, W. B. Fox, D. Gould, and B. Sukornck, Inorg. Chem. 7,
1933 (1968); C. A. Wamser, B. Sukornlck, W. S. Fox and D. Gould,
Inorg. Syn., 14, 29 (1973).

t421 G. Barth - Wehrenalp, J. Inorg. Nucl. Chem., 2, 266 (1956).

[43) G. Barth - Wehrenalp, U. S. Pat., 2,942,948 (1960).

[44] W. Lalande, U. S. Pat., 2,982,617 (1961).

[453 H. Dess, U. S. Pat., 2,982,618 (1961).

146] G. Barth - Wehrenalp and H. Mandell. U. S. Pat., 2,942,949 (1960).

([4 73 J. Barr, R. J. Gillespie, and R. C. Thompson, Inorg. Chem., 3, 1149
(1964).

[48] G. Barth - Wehrenalp, J. Inorg. Nucl. Chem., 4, 374 (1957).

[49] K. Lang, Ph.D. Thesis, University of Munich, Germany (1956).

[50] A. A. Woolf, J. Inorg. Nucl. Chem., 3, 250 (1956).

[51] K. 0. Christe, C. J. Schack, and R. D. Wilson, Inorg. Chem., 14,
2224 (1975).

[521 R. J. Gillespie, Accounts Chem, Res., 1, 202 (1968).

[53] G. A. Olah, A. M. White and D. H. O'Brien, Chem. Rev., 70, 561 (1970).

[54] K. Lang, Diploma Thesis, University of Munich, Germany (1955).

[5£1 A. Engelbrecht and H. Atzwanger, Monatsh. Chem., 83, 1087 (1952);
J. Inorg. Nucl. Chem., 2, 348 (1956).I [56] A. W. Beardell and C. J. Grelecki, U. S. Pat. 3,404,958 (1968).

[57] K. 0. Christe, R. D. Wilson and C. J. Schack, Inorg. Nucl. Chem. Lett.,
11, 161 (1975).

[58] 0. F. Smith, G. M. Begun and W. H. Fletcher, Spectrochim. Acta, 20, 1763
(1964).

L59] A. A. Woolf, J. Chem. Soc., 4113 (1954).

[60] H. Bode and E. Kiesper, Angew. Chem., 66, 605 (1954).

[61] A. Engelbrecht, Angew. Chem., 66, 442 (1954).

RI/RD81-140
' • L-18



-19.

[62] J. E. Sicre and H. J. Schumacher, Angew. Chern., 69, 226 (1957).

[63] E. H. Appelman and M. H. Studler, J. Am.Chem. Soc., 91, 14561 (1969).

[64] P. Spekkens, Ph.D. Thesis, McMaster University, Hamilton, Ontario,

Canada, 1977.

[65] R. Bougon and G. Tantot, C. R. Acad. Sci., Ser. C. 281, 271 (1975).

[66] R. J. Gillespie and P. Spekkens, J. Chem. Soc. Dalton Trans., 2391 (1976).

[67] R. Bougon, T. Bui Huy, P. Charpin and G. Tantot, C. R. Acad. Sci., Ser.

C 283, 71 (1976).

[68) H. Selig and U. Elgad, J. Inorg. Nucl. Chem. Supplem. 91 (1976).

[69) K. 0. Chrlste, R. D. Wilson and C. J. Schack, Inorg. Chem., in pres5.

[70) R, J. Gillespie and J. P. Krasznai, Inorg. Chem., 16, 1384 (1977).

[71) J. B. Milne and D. Moffett, Inorg. Chem., 14 , 1077 (1975).

[72] J. B. Milne and D. M. Moffett, Inorg. Chem., 15, 2165 (1976).

[73] C. J. Schack, D. Piilpovich and J. F. Hon, Inorg. Chem., 12, 897 (1973).

4

RI/RD81-140

L-19



-20-

"Compound Index Entries

2.2.7.1

Empirical Linearized Structural Context

Formulas Formulas
ClO2 CiO2  Reaction with F2

C110 Cl 0 Reaction with F
6 2 6 2

27 C27 Reaction with F2

CIFO) FCIO2  Formation

C120 CI 0 Reaction with F 2

CIF 0 CIF 3 0 Formation
dI i o to

C1F C1F Formation

CIF3 OF3 Formation "•

S.• B r0 2  Br02  Reaction with F2  _

BrFO FBrO2  Formation
22

0oReaction with F21205 205

Fi 2  FN0 2  Formation

10 I205 Reaction with HF

2 5

IF IF5 Foration

2.2.7.2

.CO~ CIO 2  Reaction with AbF 2CI ' 2

.CIO C0 Reaction with CoF

CIFO- FCIO Fornatioon

.CIO' CIO, Reaction with BrF.

C2 dCl 0 Reaction with AgF2

Cl 220 Cl 0 Reaction with CiF

Cl o C]L0 Reaction with CiF 0

RI/RD81-140
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CIpO FCIO Formation

C220 C126 Reaction with BrF3

Cl2 6  Cl 206 Reaction with BrF5

C12 06  C26 Reaction with HP

C1206 C1206 Reaction with FNO2

CINO 6 NO 2CIOO4 Formation

BrO BrO2  Reaction with BrF5

BrFO2  FBrO2  Formation

10 10 Reaction with IF-

SF I0 IF 0 Formation
33

F4 IKO KIF 4 0 Formation

2.2.7.3

?CFO, FCIO2  Reaction with PtF6

* CIF 0 Pt CiF 0 PtF Formation
8 2 2 2 6Foatn

C"F 8 0 2 Pt C1F 2 02 PtF 6  Reaction with FNO 2

ClF 0 CIF 302 Formation

CIF 0 CIF 0 Formation

ClF 3  C1F 3  Reaction with OF,

ClF, ClF3 Reaction with OF2

CIFO CIF 0 Formation
S

CIF 3  CIF 3  Photolysis in presence of 0

CIF-O CIF 0 Kinetics of formation
3 3

F 10 IF 0 Formation of CIF 0
SS 3

ClFO3  FC0 3  Formation of CIF 30

BrFO2  FBrO, Reaction with KrF,

RI/RD81-1 4 O
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BTPo2 PBrO2 Reaction with PtF6

BrP8OPt BrF20Pt F Formation8roFr 2 6

'.BrF602Pt BrO2 PtF6  Formation62

B 02* BrF 2 02 ÷ Formation

BrFO2  FBrO2  Reaction with KrF 2

BrFReaction with KF 2

3 3

BrF0 3  
FBr0 3  Recinwt

BrF 0 BrF 0 Formation

3 3

BrF.BrF,. Formationfl

0 I205 Reaction with BrFS

20 2

BFIO 2  
FIO2  Reaction with BrF 2

F 3 10 IF 3 0 Reaction with BrF 5

rF0O IF30 Reaction with BrF2

323

F IF 3 0 Formation

1AsF80 IF2 0 .sF Reaction with BrF5

NO FoReaction wt r

AsBrF 0 BrF20 AsFoRactionw

.F 2 IF02 Reaction with HF

n 32 I 3 02

4 24
F! i0 FH 2OIF40H Format ion

8 2.2. 7.4

-. Cl FO FCIO Disproportionlationl

CiF..,C1OFormation
.CiF CiF Formation

FJ ] O IF 0 Disproportion ation

32

FI I HF Formation

4 2

FTO2 FIO2 Formation

22
CiFI
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3 02 I3 2 Disproportionation

2.2.7.5

z 11 CIF 0 ClF 3 0 Formation

C CIONO Reaction with F2

CIF 0 CiF 0 Reaction with ClOSO2,F

3

ClFO, FCIO2 Formation

• :ClHO4  HOCI0 Reaction with F2

COFOC 3  
2ormation

CO4

CIFO 3  
FCIO3  Formation

CiKO KCIO Fluorination of

4 4 -

ClNaO4  NaCI0 4  Electrolysis in HF

CINO NO CO4 Reaction with CIF 3

, ClKO4  KClO4  Reaction with BrF3

ClNaO3  NaCIO 3  Reaction with CIF 3

3 KCO 3  Reaction with CIF_

CiKO 3

C" KReaction with BrFCIKO 3 KCIO 3

ClKO- KCI 3  Reaction with F1

,Cl~a 2  NaC10 2  Reaction with F,

Cl" 0 CIF 0 Formation

3 3
BrFO. FB rO Format ion

3 3

BAKO4  
KBrO4  Reaction with BrF.

KBrO Reaction with AsF

BrKO4  KBrO4  Reaction with BrF6AsF6

rC S0Reaction with BrF and F1

RI/RD81-140
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BrCsF 4 0 CsBrF4 0 Formation

BI.FO3  F~rO3  Formation

BrFO2  FBrO2  Formation
BrKO 2 2

BrKO KBrO4  Reaction with BrF and

BrKO 3  KBrO 3  Reaction with BrF5

"-BrFKO 2  KBrO2 F2  Formation

BrF KO KBrF 0 Formation
4 4

BrKO3  KBrO3  Reaction with KBrF6

Ba H 1 0 BaH(I0(0 Reaction with HSO-F
3 4 2 12 B 3 4  6 2

F HIO HOIF 0 Formation
"4 2 4

INaO4  NalO4  Reaction with HF

Hi0 4  HO013 Reaction with HF

CsO4 CslO4 Reaction with HF
4sO

CsF 10 CsIF40 Fo0mation
4 2 4 2Fomtn

Cs1O4  CsIO4  Reaction with F,)

TCsF4 10 CsIF4 0 Formation

r I CsIO4  CsIO4  Reaction with CIF. I

C slO4 Cs104 Reaction with CIF_

CsIO4 CsO Reaction with BrF_
BrF.O BrF 3 0 Formation

IKO Kb4  Reaction with IF

44

10 F.I0 .0 Formation

KF4 1K02 HiF40 Formationi4 2

F310 IF 0 Disproportionation
3 3

F1 , F]O Formation

F' RI/RD81-140
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H!0 3  HIO 3  Reaction with HF

INaO3  Na1O 3  Reaction with HF

IK0 3  KI0 3  Reaction with IF5

3 3CsiO 3 CSIO 3 Reaction with IF5

F F21K0 2  KIF 202  Reaction with IF 5 ,

CsF 4 IO CsIF 4 0 Formation

F 4IKO KIF 40 Formation

2.2.7.7

FC1O3  Formation

CIFO FCIO 3  Elimination reactions .

BrFO FBrO Elimination reactions I

BrFO2  FBrO2  Elimination reactions .

2

4i

RI /RD8I-140 *1
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